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PREFACE 


The Tenth International Conference on Few Body Problems in Physics was held 
August 21 - 27,1983 at Karlsruhe, Germany. The series of conferences on Few 
Body Problems was opened with a meeting in London in 1959. It was followed by 
the International Conferences at Brela, 1967; Birmingham, 1969; Budapest, 1971; 
Los Angeles, 1972; Quebec, 1974; Delhi, 1976; Graz, 1978 and Eugene, 1980. 


During these years the community of scientists working in the field has de- 
veloped some traditional rules. But besides the discussion of classical nuclear 
few body systems like the three nucleon bound state problem each conference had 
its specific new and exciting topics which attracted colleagues from different 
fields of physics. One important reason for this surprising vitality was the 
tradition to confine the programme to basic problems of microscopic understan- 
ding and description of the inner structure and dynamics of few body systems in 
nuclear, atomic and molecular physics. The field of few body physics has become 
even much broader during the last decade and it is now covering important new 
aspects in elementary particle physics on one side and in chemistry and even in 


celestial mechanics on the other side. 


The scientific field has been again broadened compared to earlier conferen- 
ces. Here we followed a suggestion of the IUPAP committee. On the other hand 
the space given to the different topics has been considerably changed. This was 
partly due to my individual opinion but it followed also a statistics which was 
obtained from the first application forms where nearly 600 colleagues answered 
the question on their "main field of interest". Therefore, I think that the 
final programme which was worked out in close cooperation with the Scientific 
Organizing Committee follows recent developments in physics. 


The number of participants of the conference has considerably grown to nearly 
450. There was also a corresponding large number of interesting contributions. 
Those contributions accepted by the referees are presented in Volume II. 


The format of the conference has been considerably changed. There were ple- 
nary sessions only. We had 32 invited review talks and 6 discussion sessions 
for the discussion of more common questions. As a result most fields could only 
be covered by one talk. Therefore, the speakers were asked to present a critical 


but fair and complete review on their field. 


x Preface 


The discussion sessions were organized by the moderators and the rapporteurs 
of the corresponding fields. The reports on the discussion sessions were not 
presented orally but are published in Volume I together with the manuscripts of 


the review talks. 


I am very grateful to Professor E. Lomon who accepted to take over the diffi- 
cult task of presenting the Closing Remarks only one day before the end of the 
conference. Volume I contains also summarizing reports on two workshops pre- 


ceding the conference. 


Thanks is due to the members of the Scientific Organizing Committee for all 
their advice on the programme of the conference and for their assistance in or- 
ganizing the refereeing procedure for the contributions. The extraordinary 
energy and skill of my co-organizer Dr.H.0.Klages was most important for the 
successful organization of the conference. The valuable assistance of 
Drs. P.Doll and W.Heeringa is gratefully acknowledged. 


B. Zeitnitz 
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FEW QUARK PROBLEMS 


Nuclear Physics A416 (1984) 3c-24¢ 
North-Holland, Amsterdam 


QUANTUM CHROMODYNAMICS IN FEW NUCLEON SYSTEMS* 


Stanley J. Brodsky 


Stanford Linear Accelerator Center 
Stanford University, Stanford, California 94305 


1. INTRODUCTION 


One of the most important implications of quantum chromodynamics (QCD) is that 
nuclear systems and forces can be described at a fundamental level.!:2 The theory provides 
natural explanations for the basic features of hadronic physics: the meson and baryon spec- 
tra, quark statistics, the structure of the weak and electromagnetic currents of hadrons, 
the scale-invariance of hadronic interactions at short distances, and evidently, color (i.e., 
quark and gluon) confinement at large distances. Many different and diverse tests have 
confirmed the basic predictions of QCD; however, since tests of quark and gluon interac- 
tions must be done within the confines of hadrons there have been few truly quantitative 
checks. Nevertheless, it appears likely that QCD is the fundamental theory of hadronic 
and nuclear interactions in the same sense that QED gives a precise description of electro- 


dynamic interactions. 


QCD is a renormalizable non-Abelian gauge theory of color-triplet quark and color- 
octet gluon fields invariant under color-SU(3) transformations. The fundamental degrees 
of freedom of nuclei as well as hadrons are postulated to be the spin-1/2 quark and spin- 
1 gluon quanta. Nuclear systems are identified as color-singlet composites of quark and 
gluon fields, beginning with the six-quark Fock component of the deuteron. An immediate 
consequence is that nuclear states are a mixture of several color representations which 
cannot be described solely in terms of the conventional nucleon, meson, and isobar degrees 
of freedom: there must also exist “hidden color” multi-quark wavefunction components— 
nuclear states which are not separable at large distances into the usual color singlet nucleon 


clusters. There are also a number of new perspectives for nuclear dynamics: 


* Work supported by the Department of Energy, contract DE-AC03-76SF00515 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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The electromagnetic and weak currents within a nucleus are carried solely by the 
quark fields at any momentum transfer scale Q? = —q?. In the deep inelastic, large 
Q*, large p-q¢ = Mv domain, the lepton scatters essentially incoherently off of the 
individual quark constituents of the nucleus, giving point-like cross sections char- 
acteristics of Bjorken scaling,modified by logarithmic corrections to scale-invariance 
due to QCD radiative corrections. At low momentum transfer the quark currents 
become coherent, giving cross sections characteristics of multi-quark, nucleonic, or 


mesonic currents. 


The nuclear force between nucleons can in principle be represented at a fundamental 
level in QCD in terms of quark interchange (equivalent at large distances to pion 
and other meson exchange) and multiple-gluon exchange.® Although calculations 
from first principles are still too complicated, recent results derived from effective 
potential, bag, and soliton models‘ suggests that many of the basic features of the 
nuclear force can be understood from the underlying QCD substructure. At a more 
basic level one can give a direct proof? from perturbative QCD that the nucleon- 


nucleon force must be repulsive at short distances (see Section 3). 


Because of asymptotic freedom, the effective strength of QCD interactions becomes 
logarithmically weak at short distances and large momentum transfer 


Di 4n 2 2 
ae De log(Q?/Adcp) vicina ee 


0 
[Here 89 = 11-3 n, is derived from the gluonic and quark loop corrections to the 
effective coupling constant; n, is the number of quark contributions to the vacuum 
polarizations with mi, < Q?.| The parameter Agcp normalizes the value of as(Q?) 
at a given momentum transfer Q3 »> A, given a specific renormalization or cutoff 
scheme. Recently a, has been determined fairly unambiguously using the measured 


branching ratio for upsilon radiative decay T(bb) 4 yX:67 
a,(0.157 My) = a,(1.5 GeV) = 0.234 0.13 . (1.2) 


Sake ite standard MS dimensional regularization scheme, this gives Aye = 
Woes 34 MeV. In more physical terms, the effective potential between infinitely 
heavy quarks has the form [Cp = 4/3 for n, = 3] 


Vi") = -cp Hei) 
(1.3) 


4 
ay (Q?) = ook Q2/A2) (Q? > Az) 
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where’ Ay = Anas e°/6 ~ 2704100 MeV. Thus the effective physical scale of QCD 
is ~ 1 f,,!. At momentum transfers beyond this scale, a, becomes small, QCD per- 
turbation theory becomes applicable, and a microscopic description of short-distance 
hadronic and nuclear phenomena in terms of quark and gluon subprocesses becomes 
viable. In this lecture we will particularly emphasize the use of asymptotic freedom 


sa 10 rigorous boundary 


and light-cone quantization to derive factorization theorems, 
conditions, and exact results for nuclear amplitudes at short distances.” !!12 This 
includes the nucleon form factor at large momentum transfer,!® meson photoproduc- 
tion amplitudes, deuteron photo- and electro-disintegration,!? and most important 
for nuclear physics, exact results for the form of the form factor of nuclei at large 
momentum transfer.°:!! Eventually it should be possible to construct fully analytic 
nuclear amplitudes which at low energies fit the standard chiral constraints and low 
energy theories of traditional nuclear physics while at the same time satisfying the 
scaling laws and anomalous dimension structure predicted by QCD at high momen- 


tum transfer. 


4. Since QCD has the same natural length scale ~ 1 fm as nuclear physics it is difficult 
to argue that nuclear physics can be studied in isolation from QCD. Thus one of 
the most interesting questions in nuclear physics is the transition between conven- 
tional meson-nucleon degrees of freedom to the quark and gluon degrees of freedom 
of QCD. As one probes distances shorter than Agen ~ 1 fm the meson-nucleon 
degrees of freedom must break down, and we expect new nuclear phenomena, new 
physics intrinsic to composite nucleons and mesons, and new phenomena outside the 
range of traditional nuclear physics. One apparent signal for this is the experimental 
evidence!* from deep inelastic lepton-nucleus scattering that nuclear structure func- 
tions deviate significantly from simple nucleon additivity, much more than would 
have been expected for lightly bound systems. Further, as we discuss in Section 5, 
there are many areas where QCD predictions conflict with traditional concepts of 


nuclear dynamics. 


2. EXCLUSIVE PROCESSES IN QCD 


One area of important progress in hadron physics in the past few years has been 
the extension of QCD predictions to the domain of large momentum transfer hadronic 
and nuclear amplitudes including nuclear form factors, deuteron photodisintegration, etc.8 
A key result is that such amplitudes factorize at large momentum transfer in the form 
of a convolution of a hard scattering amplitude Ty which can be computed perturba- 


tively from quark-gluon subprocesses multiplied by process-independent “distribution am- 
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plitudes” ¢(z,Q) which contain all of the bound-state non-perturbative dynamics of each 
of the interacting hadrons. To leading order in 1/Q the scattering amplitude has the form 
[see Fig. 1(a)] 


M= f Tule; QTL onilzs, Qlez,) (2.1) 
A; 


Here Ty is the probability amplitude to scatter quarks with fractional momentum 0 < 
z; <1 from the incident to final hadronic directions, and $7, is the probability amplitude 


to find quarks in the wavefunction of hadronic H; collinear up to the scale Q, and 
n; n; 
[dz] = Th azj6(1- rr) (2.2) 
j=l k 


A key to the derivation of this factorization of perturbative and non-perturbative 
dynamics is the use of a Fock basis {Yn(zi, By ida} defined at equal 7 = ¢ + z/c on the 
light-cone to represent relativistic color singlet bound states.® Here ), is the helicity; z; = 
(k° + k7)/(p° + p’), (Ut, 2; = 1), and ie (ees ky; = 0) are the relative momentum 
coordinates. Thus the proton is represented as a column vector of states Yqqq, Wgqqqg; 
Vqqqqq---- In the light-cone gauge, At = A + A® = 0, only the minimal “valence” Fock 
state needs to be considered at large momentum transfer since any additional quark or 
gluon forced to absorb large momentum transfer yields a power-law suppressed contribution 
to the hadronic amplitude. For example at large Q?, the baryon form factor takes the 
form!® |Fig. 1(a)] 


1 1 
Fp(Q?) = ih, [dy] ih, [dz] oh (yj, Q)TH(zi, ¥j, Q)on(zi, Q) , (2.3) 


Fig. 1. (a) Factorization of 
the nucleon form factor at large 
G2 in QCD. The optimal scale 
Q for the distribution ampli- 
tude ¢(z, Q) is discussed in Ref. 
8. (b) The leading order di- 
agrams for the hard scatter- 
ing amplitude Ty. The dots 
indicate insertions which en- 
ter the renormalization of the 
coupling constant. (c) The lead- 
ing order diagrams which de- 
termine the Q? dependence of 


$p(z, Q). 
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where to leading order in a4(Q?), Ty is computed from 3qg+7* — 3g tree graph amplitudes: 
[Fig. 1(b)] 


2)72 
TH = PS] Heiys) (2.4) 
and 
oplti,Q) = f (a?) vv(ei, ky )aRy <Q?) (25) 


is the valence 3-quark wavefunction evaluated at quark impact separation by ~ O(Om.); 
Since $p only depends logarithmically on Q? in QCD, the main dynamical dependence of 
Fp(Q?) is the power behavior (Q?)-? derived from scaling of the the elementary propaga- 
tors in Ty. Thus, modulo logarithmic factors, one obtains a dimensional counting rule for 


any hadronic or nuclear form factor at large Q? (k\ = \! = 0 or 1/2) !4 


1 \"-1 
F(Q")~(Gs) (2.6) 
1 1 1 
Fit ote Enc G ' Fa~ ou » (2.7) 


where n is the minimum number of fields in the hadron. Since quark helicity is conserved 
in Ty and ¢(z,, Q) is the Lz = 0 projection of the wavefunction, total hadronic helicity is 
conserved!® at large momentum transfer for any QCD exclusive reaction. The dominant 
nucleon form factor thus corresponds to F;(Q?) or Gyy(Q?); the Pauli form factor is 
suppressed by an extra power of Q?. In the case of the deuteron, the dominant form 
factor has helicity \ = \! = 0, corresponding to VA(Q?). The general form of the 
logarithmic dependence of F(Q?) can be derived from the operator product expansion at 
short distance or by solving an evolution equation for the distribution amplitude computed 
from gluon exchange [Fig. 1(c)], as we discuss in Section 3 for the deuteron. The result 
for the large Q? behavior of the baryon form factor in QCD is®:!9 


Fp(Q”) = ae ae damn (én © Q" ey) bing (2.8) 


where the yn are computable anomalous dimensions of the baryon 3-quark wave function 
at short distance and the dm, are determined from the value of the distribution amplitude 
op(z, Q3) at a given point Q?. Asymptotically the dominant term has the minimum 
anomalous dimension. The predicted sign of G4 i (Q?) at large Q? is the same as G4 (9): 
The dominant part of the form factor comes from the region of the z integration where 
each quark has a finite fraction of the light cone momentum; the end point region where 
the struck quark has z ~ 1 and spectator quarks have z ~ 0 is asymptotically suppressed 


by quark (Sudakov) form factor gluon radiative corrections. 


ie 
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As shown in Fig. 2 the power laws (2.6, 2.7) predicted by perturbative QCD are 
consistent with experiment.!® The behavior Q'G y(Q?) ~ const at large Q? provides a 
direct check that the minimal Fock state in the nucleon contains 3 quarks and that the 
quark propagator and the gq — qq scattering amplitudes are approximately scale-free. 
More generally, the nominal power law predicted for large momentum transfer exclusive 
reactions is given by the dimensional counting rule M ~ Q*-"TOT F(8cm) where nqor is 
the total number of elementary fields which scatter in the reaction. The predictions are 
apparently compatible with experiment. In addition, for some scattering reactions there are 
contributions from multiple scattering diagrams (Landshoff contributions) which together 
with Sudakov effects can lead to small power-law corrections, as well as a complicated spin, 
and amplitude phase phenomenology. Recent measurements!” of yy — m+x-, K+K7 at 


large invariant pair mass appear to confirm the QCD predictions.!8 


In principle it should be possible to use measurements of the scaling and angular 
dependence of the 77 + M M reactions to measure the shape of the distribution amplitude 
$m(z,Q). An actual calculation of ¢(z,Q) from QCD requires non-perturbative methods 
such as lattice gauge theory, or more directly, the solution of the light-cone equation of 
motion 
n (ft +m? 


se 


i=1 


z ),¥ pace (29) 


The explicit form for the matrix representation of Vacp and a discussion of the infrared 


and ultraviolet regulation required to interpret (2.9) is given in Ref. 9. 


(e) 
fo) 


E | 
Be Phony n=2 5 
lll es 
: E Proton, n=3 
m i Neutron, n=3 
of LE Fig. 2. Comparison of experiment with 


Deuteron, n=6 


oe : 
= Helium 3, n=9 
E ¢ Helium 4, n=l2 
xO. | 
os 
| 


a Ay 6 


the QCD dimensional counting rule 
(Q?)"-!F(Q?) ~ const for form factors. 
The proton data extends beyond 30 GeV 
(see Ref. 16). 


(o2)s5) F, 


a Ey TT 


2 
ine} 
Tm oT TTT 


a 


Pudi bf pit 


9, 
D 
(e) 
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Thus far experiments has not been sufficiently precise to measure the logarithmic vari- 
ation from dimensional counting rules predicted by QCD. Checks of the normalization 
of (Q?)"-1F(Q?) require independent determinations of the valence wavefunction. The 
relatively large normalization of Q1Ghy(Q”) at large Q? can be understood if the valence 3 
quark state has small transverse size, i.e., is large at the origin.?!9 The physical radius of 
the proton measured from Fj(Q?) at low momentum transfer then reflects the contributions 
of the higher Fock states gqqg, qgqg9q (or meson cloud), ete. A small size for the proton 
valence wavefunction (e.g. Rhgg ~ 0.3 fm) can also explain the large magnitude of (ki ) of 
the intrinsic quark momentum distribution needed to understand in hard-scattering inclu- 
sive reactions. The necessity for small valence state Fock components can be demonstrated 
explicitly for the pion wavefunction, since {gq/m is constrained by sum rules derived from 
n+ — €ty, and 7 — 77. One finds a valence state radius RJ, ~ 0.2 fm, corresponding 


to a probability Pj, ~ 1/4. A detailed discussion is given in Ref. 19. 


3. THE DEUTERON IN QCD 


Of the five color-singlet representations of six quarks, only one corresponds to the 
usual system of two color singlet baryonic clusters. (Explicit representations are given in 
Ref. 20). Notice that the exchange of a virtual gluon in the deuteron at short distance 
inevitably produces Fock state components where the 3-quark clusters correspond to color 
octet nucleons or isobars. Thus, in general, the deuteron wavefunction should have a 
complete spectrum of hidden-color wavefunction components, although it is likely that 


these states are important only at small internucleon separation.”! 


Despite the complexity of the multi-color representations of nuclear wavefunctions, the 
analysis” of the deuteron form factor at large momentum transfer can be carried out in 
parallel with the nucleon case outlined in Section 2. Only the minimal 6-quark Fock state 
needs to be considered to leading order in 1/Q?. The deuteron form factor can then be 


written as a convolution (see Fig. 3), 


Ne 


Fig. 3. Factorization of 
the deuteron form factor 
at large Q?. 


p+q 


$4 (x, Q) 


1-82 
4253A20 


baly,Q) 
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FQ") = f, lazl lav) oh, @) THT Pz, ¥,@) bale.) (3.1) 


where the hard scattering amplitude scales as 
+7169 _ [(Q?)] 2 
Typ) t= ea t(z,y) [1+ O(a.(Q°))] (3.2) 


The anomalous dimezsions nd are calculated from the evolution equations for ¢4(z;, Q) 
derived to leading order in QED from pairwise gluon-exchange interactions: (Cp = 4/3, 
Ca = —Cr/5) 


I rot Fb (2, Q)=- Ff laud Venn oly). (3.3) 
Here we have defined 
#(2;,Q) = 0 7, &(z;,Q), (3.4) 
and the evolution is in the variable 
(gq?) = 2 four) ~m( | (3.5) 
In 53 


The kernel V is computed to leading order in a,(Q*) from the sum of gluon pee SS 
between quark pairs. The general matrix representations of y, with bases las: z.'* > are 
given in Ref. 20. The leading anomalous dimension 4, corresponding to the eigenfunction 
(zx,) = 1, is 9 = (6/5)(Cy/ Bo). 


In order to make more detailed and experimentally accessible predictions, we will 


11,12 


define the “reduced” nuclear form factor in order to remove the effects of nucleon 


compositeness (see Section 4): 


2, FalQ?) 
Sa(Q )= Fr Q7/4) . (3.6) 


The arguments for the nucleon form factors (Fy) are Q?/4 since in the limit of zero 
binding energy each nucleon must change its momentum from ~ p/2 to (p + q)/2. Since 
the leading anomalous dimensions of the nucleon distribution amplitude is Cp/2f, the 
QCD prediction for the asymptotic Q?-behavior of fa(Q?) is® 


X af 
falQ’) ~ ~ 24m oy (3.7) 
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where —(2/5)(Cr/8) = —8/145 for ny = 2. 


Although this QCD prediction is for asymptotic momentum transfer, it is interesting 
to compare (3.7) directly with the available high Q* data!® (see Fig. 4). In general one 
would expect corrections from higher twist effects (e.g., mass and k, smearing), higher 
order contributions in a,(Q7), as well as non-leading anomalous dimensions. However, the 
agreement of the data with simple Q* f4(Q?) ~ const behavior for Q? > 1/2 GeV? implies 
that, unless there is a fortuitous cancellation, all of the scale-breaking effects are small, and 
the present QCD perturbative calculations are viable and applicable even in the nuclear 
physics domain. The lack of deviation from the QCD parameterization also suggests that 
the parameter A in (3.7) is small. A comparison with a standard definition such as Aye 
would require a calculation of next to leading effects. A more definitive check of QCD 
can be made by calculating the normalization of filQ?) from Ty; and the evolution of the 
deuteron wave function to short distances. It is also important to confirm experimentally 


that the helicity \ = \’ = 0 form factor is indeed dominant. 


The calculation of the normalization Teles to leading order in a(Q7”) will require 
the evaluation of ~ 300,000 Feynman diagrams involving five exchanged gluons. Fortu- 
nately this appears possible using the algebraic computer methods introduced in Ref. 22. 


A AWE 1 F 
The method of setting the appropriate scale Q of a2(Q") in Ty, is given in Ref. 7. 


We note that the deuteron wave function which contributes to the asymptotic limit 
of the form factor is the totally antisymmetric wave function corresponding to the orbital 
Young symmetry given by [6] and isospin (J) + spin (S) Young symmetry given by {33}. 
The deuteron state with this symmetry is related to the NN, AA, and hidden color (CC) 
physical bases, for both the (JTS) = (01) and (10) cases, by the formula 


6.0 I 
a L — h= |00 MeV ' 
ia a) 
x 40 
is ZO) |= 
= i Fig. 4. (a) Comparison of the asymp- 
0 totic QCD prediction (3.7) with ex- 


periment (16) using Fyy(Q?) = (1+ 
Q?/0.71GeV7)-?. The normaliza- 
tion is fit at Q? = 4 GeV’. (b) 
Comparison of the prediction [1 + 


Cee (Q?/ms)] falQ?)ax(enQ?)- 1-2/9 CrP 
eye with data. The value ms = 0.28 GeV? 
see is used. 
0 | | | | | 
O | 2 3 4 S) 6 


Ag Q2 (GeV?) sitéed 
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1 4 4 
Y[6]{33} = Vi YNN + is Yaa t+ i voc - (3.8) 


Thus the physical deuteron state, which is mostly Py at large distance, must evolve to 
the 16] {33} state when the six quark transverse separations bt < 0(1/Q) — 0. Since 
this state is 80-percent hidden color, the deuteron wave function cannot be described by 
the meson-nucleon isobar degrees of freedom in this domain. The fact that the six-quark 
color singlet state inevitably evolves in QCD to a dominantly hidden-color configuration 
at small transverse separation also has implications for the form of the nucleon-nucleon 
(S; = 0) potential, which can be considered as one interaction component in a coupled 
channel system. As the two nucleons approach each other, the system must do work in 
order to change the six-quark state to a dominantly hidden color configuration; i.e., QCD 
requires that the nucleon-nucleon potential must be repulsive at short distances®° (see Fig. 
5). The evolution equation for the six-quark system suggests that the distance where this 


change occurs is in the domain where a,(Q*) most strongly varies. 


Ve ff 


Fig. 5. Schematic representation of 
the deuteron wavefunction in QCD in- 
dicating the presence of hidden color 6- 
quark components at short distances. 


See = (fm) 
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4. REDUCED NUCLEAR AMPLITUDES 


One of the basic problems in the analysis of nuclear scattering amplitudes is how to 
consistently account for the effects of the underlying quark/gluon component structure 
of nucleons. Traditional methods based on the use of an effective nucleon/meson local 
Lagrangian field theory are not really applicable (see Section 5), giving the wrong dynamical 
dependence in virtually every kinematic variable for composite hadrons. The inclusion of ad 
hoc vertex form factors is unsatisfactory since one must understand the off-shell dependence 
in each leg while retaining gauge invariance; such methods have little predictive power. 
On the other hand, the explicit evaluation of the multiquark hard-scattering amplitudes 
needed to predict the normalization and angular dependence for a nuclear process, even at _ 


leading order in a, requires the consideration of millions of Feynman diagrams. Beyond 
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leading order one must include contribution of non-valence Fock states wavefunctions, and 


a rapidly expanding number of radiative corrections and loop diagrams. 


The reduced amplitude method,!!)!? although not an exact replacement for a full 
QCD calculation, provides a simple method for identifying the dynamical effects of nuclear 
substructure, consistent with covariance, QCD scaling laws and gauge invariance. The 
basic idea has already been introduced in Section 3 for the reduced deuteron form factor. 
More generally if we neglect nuclear binding, then the light-cone nuclear wavefunction 
can be written as a cluster decomposition of collinear nucleons: Ya/A = YNIA Iv Vo/N 
where each nucleon has 1/A of the nuclear momentum. A large momentum transfer nucleon 
amplitude then contains as a factor the probability amplitude for each nucleon to remain 
intact after absorbing 1/A of the respective nuclear momentum transfer /—t/A. We can 
identify each probability amplitude with the respective nucleon form factor F (¢; — 42 ta). 


Thus for any exclusive nuclear scattering process, we define the reduced nuclear amplitude 


eee 
i; Fy(t,) 


i (4.1) 
The QCD scaling law for the reduced nuclear amplitude m is then identical to that of 


nuclei with point-like nuclear components: e.g. the reduced nuclear form factors obey 


F4(Q?) 


INO) = oad 
[F(@2/42)| 


lee (4.2) 


“3 


Comparisons with experiment and predictions for leading logarithmic corrections to this 
result are given in Refs. 5 and 12. In the case of photo- (or electro-) disintegration of the 
deuteron one has 


Mod—np 1 


ye eta ee Fr(tn)Fp(tp) ~ pr I(Gem) 


(4.3) 
i.e., the same elementary scaling behavior as for M.a¢_.g9. Comparison with experiment7® 
is encouraging (see Fig. 6), showing that as was the case for Q? f4(Q7), the perturbative 
QCD scaling regime begins at Q?>1 GeV”. Detailed comparisons and a model for the 
angular dependence and the virtual photon-mass dependence of deuteron electrodisinte- 
gration are discussed in Ref. 12. Other potentially useful checks of QCD scaling of reduced 


amplitudes are 
Myp—dat a= Dra f(t/s) 
™d—+H8x+ ae prs Sf(t/s) (4.4) 


Mad—+1xd ~ ee f(t/s) . 
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It is also possible to use these QCD scaling laws for the reduced amplitude as a parametriza- 


tion for the background for detecting possible new dibaryon resonance states. 


of deuteron photodis- 
integration data”? with 
the scaling prediction 
(4.3) which requires 
f?(8cm) to be indepen- 
dent of energy at large 
momentum transfer. 
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5. LIMITATIONS OF TRADITIONAL NUCLEAR PHYSICS?’ 
The fact that the QCD prediction for the reduced form factor Q?f4(Q?) ~ const 


appears to be an excellent agreement with experiment for Q? > 1 GeV? provides an 
excellent check on the six-quark description of the deuteron at short-distance as well as 
the scale-invariance of the gq — qq scattering amplitude. It should also be emphasized 


that the impulse approximation form used in standard nucleon physics calculations 


F4(Q?) = Fn(Q?) x FRoay(Q?) (5.1) 


is invalid in QCD at large Q? since off-shell nucleon form factors enter [see Fig. 7(a)]. The 
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region of validity”° of (5.1} is restricted to Q? a Mer where dF, is a hadronic scale. The 
traditional treatment of nuclear form factors also overestimates the contribution of meson 
exchange currents [Fig. 7(b)] and NN contributions [Fig. 7(c)] since they are strongly 


suppressed by vertex form factors as we shall show in this section. 


q q 
p p 
7 AOR IE ope 
qd pt, i v, 
(9) 


ia} 
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Fig. 7. Critique of the standard nuclear physics approach 
to the deuteron form factor at large Q?. (a) The effective 
nucleon form factor has one or both legs off shell |p? — 
p3| ~ q°/2. (b) Meson exchange currents are suppressed 
in QCD because of off shell form factors. (c) The nucleon 
pair contribution is suppressed because of nucleon com- 
positeness. Contact terms appear only at the quark level. 


At long distances and low, non-relativistic momenta, the traditional description of nu- 
clear forces and nuclear dynamics based on nucleon, isobar, and meson degrees of freedom 
appears to give a viable phenomenology of nuclear reactions and spectroscopy. It is natural 
to try to extend the predictions of these models to the relativistic domain, e.g. by utilizing 
local meson-nucleon field theories to represent the basic nuclear dynamics, and to use an 
effective Dirac equation to describe the propagation of nucleons in nuclear matter.” An 
interesting question is whether such approaches can be derived as a “correspondence” limit 
of QCD, at least in the low momentum transfer (Q°R? < 1) and low excitation energy 


domain (Mu <« M!?— M?). 


As we have discussed in Sections 2 and 4, the existence of hidden-color Fock state 
components in the nuclear state precludes an exact treatment of nuclear properties based 
on meson-nucleon-isobar degrees of freedom since these hadronic degrees of freedom do 
not form a complete basis on QCD. Since the deuteron form factor is dominated by hidden 
color states at large momentum transfer, it cannot be described by np, AA wavefunction 
components on meson exchange currents alone. It is likely that the hidden color states 


give less than a few percent correction to the global properties of nuclei; nevertheless, 
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since extra degrees of freedom lower the energy of a system it is ever conceivable that the 


deuteron would be unbound were it not for its hidden color components! 


Independent of hidden color effects, we can still ask whether is it possible—in principle— 
to represent composite systems such as meson and baryons as local fields in a Lagrangian 
field theory, at least for sufficiently long wavelengths such that internal structure of the 
hadrons cannot be discerned. Here we will outline a method to construct an effective La- 
grangian of this sort. First, consider the ultraviolet-regulated QCD Lagrangian density 
Locp defined such that all internal loops in the perturbative expansion are cut off below 
a given momentum scale x. Normally « is chosen to be much larger than all relevant 
physical scale. Because QCD is renormalizable, Locp is form-invariant under changes of 
« provided that the coupling constant as(k?) and quark mass parameter m(x?) are appro- 
priately defined. However, if we insist on choosing the cutoff x to be as small as hadronic 


scales then extra (higher twist) contributions will be generated in the effective Lagrangian 


density:? 
Coe ee em(k ) 5 m v ip OSs. m 
=Lot “ Pn opv9" bnAem + & a $79 nOnAem 
} (5.2) 
Sp =i Vv Ee 
+e oy Yn WHnAem + ~—- Ov Yn 187 YNOn + - 
where Lo is the standard Lagrangian and the “higher twist” terms of order KE ARE o oe 


are schematic representations of the quark Pauli form factor, the pion and nucleon Dirac 
form factors, and the  — N — WN coupling. The pion and nucleon fields $, and wy rep- 
resent composite operators constructed and normalized from the valence Fock amplitudes 
and the leading interpolating quark operators. One can use Eq. (5.2) to estimate the effec- 
tive asymptotic power law behaviors of the couplings, e.g., ima ~ 1/Q?, Fr ~ f2/22, 
Gu~ fy 2/Q4 and the effective  N 45NF «NN coupling: F nnl(Q? )r~ Mn f3 fx/Q°. The 
net pion exchange amplitude for NN — NN scatterings thus falls off very rapidly at large 
momentum transfer Mijn_, yyy ~ (Q?)-7 much faster than the leading quark interchange 
amplitude Monae ~ (Q?)-4. Similarly, the vector exchange contributions give con- 
tributions MNN-+NN ~ (Q?)-®. Thus meson exchange amplitudes and currents, even 
summed over their excited spectra, do not contribute to the leading asymptotic behavior 
of the N —N scattering amplitudes or deuteron form factors once proper account is taken 


of the off-shell form factors which control the meson-nucleon-nucleon vertices. 


Aside from such estimates, the effective Lagrangian (5.2) only has utility as a rough tree 
graph approximation; in higher order the hadronic field terms give loop integrals highly 
sensitive to the ultraviolet cutoff because of their non-renormalizable character. Thus an 


effective meson-nucleon Lagrangian serves to organize and catalog low energy constraints 
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and effective couplings, but it is not very predictive for obtaining the actual dynamical and 


off-shell behavior of hadronic amplitudes due to the internal quark and gluon structure. 


Local Lagrangians field theories for systems which are intrinsically composite are how- 
ever misleading in another respect. Consider the low-energy theorem for the forward 
Compton amplitude on a (spin-average) nucleon target 


: 2 
pli Maprqtp(v, ¢ = 0) = —22-2! (5.3) 


Mp 
One can directly derive this result from the underlying quark currents as indicated in Fig. 
&8(b). However, if one assumes the nucleon is a local field, then the entire contribution to 
the Compton amplitude at vy = 0 would arise from the nucleon pair z-graph amplitude, 
as indicated in Fig. 8(a). Since each calculation is Lorentz and gauge invariant, both give 
the desired result (5.3). However, in actuality, the nucleon is composite and the N N pair 


term is strongly suppressed: each yp p vertex is proportional to 


(0| J4#(0)|p p) x Fp(Q? = 4MZ) ; (5.4) 


i.e: the timelike form factor as determined from et 


e  — pp near threshold. Thus, 
as would be expected physically, the NN pair contribution is highly suppressed for a 
composite system (even for real photons). Clearly a Lagrangian based on local nucleon 
fields gives an inaccurate description of the actual dynamics and cannot be trusted away 


from the forward scattering, low energy limit. 


We can see from the above discussion that a necessary condition for utilizing a local 
Lagrangian field theory as a dynamical approximation to a given composite system H is 


that its timelike form factor at the Compton scale must be close to 1: 


Fy(Q? ~ 4M?) ~1. (5.5) 


References nity 


( 


Fig. 8. Time-ordered 
contributions to (a) The 


b) Compton amplitudes 
in a local Lagrangian 
Ou = theory such as QED. 

n 


Only the z-graphs con- 
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Compton amplitude for 
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For example, even if it turns out that the electron is a composite system at very short 
distances, the QED Lagrangian will still be a highly accurate tool. Equation (5.5) fails 
for all hadrons, save the pion, suggesting that effective chiral field theories which couple 


point-like pions to quarks could be a viable approximation to QCD. 


More generally, one should be critical of any use of point-like couplings for nucleon- 
antinucleon pair production, e.g. in calculations of deuteron form factors, photo- and 
electro-disintegration since such contributions are always suppressed by the timelike nu- 
cleon form factor. Note yN WN point-like couplings are not needed for gauge invariance, 
once all quark current contributions including pointlike qq pair terms are taken into ac- 


count. 


We also note that a relativistic composite fermionic system, whether it is a nucleon or 
nucleus, does not obey the usual Dirac equation—with a momentum-independent potential 
—beyond first Born approximation. Again, the difficulty concerns intermediate states 
containing N N pair terms: the identity of the Dirac equation requires that (p|Vext|p’) and 
(0|Vext|p! p) be related by simple crossing, as for leptons in QED. For composite systems 
the pair production terms are suppressed by the timelike form factor (5.4). It is however 
possible that one can write an effective, approximate relativistic equation for a nucleon in 


an external potential of the form 
(4- p+ Pmy + A+VegA+)¥n = EVN (5.6) 


where the projection operator Ay removes the N — N pair terms, and V4 includes the 
local (seagull) contributions from q §-pair intermediate states, as well as contributions from 


nucleon excitation. 


An essential property of a predictive theory is its renormalizability, the fact that physics 
at a very high momentum scale k? > «? has no effect on the dynamics other than to 
define the effective coupling constant a(x”) and mass terms m(x?). Renormalizability 
also implies that fixed angle unitarity is satisfied at the tree-graph (no-loop) level. In 
addition, it has recently been shown that the tree graph amplitude for photon emission 
for any renormalizable gauge theory has the same amplitude zero structure as classical 
electrodynamics. Specifically, the tree graph amplitude for photon emission caused by 
the scattering of charged particles vanishes (independent of spin) in the kinematic region 
where the ratios Q;/p,;-k for all the external charged lines are identical.23 This “null zone” 
of zero radiation is not restricted to soft photon momentum, although it is identical to the 
kinematic domain for the complete destructive interference of the radiation associated with 
classical electromagnetic currents of the external charged particles. Thus the tree graph 


structure of gauge theories, in which each elementary charged field has zero anomalous 


S.J. Brodsky / Quantum Chromodynamics Whe 


moment (g = 2) is properly consistent with the classical (K = 0) limit. On the other hand, 
local field theories which couple particles with non-zero anomalous moments violate fixed 
angle unitarity and the above classical correspondence limit at the tree graph level. The 
anomalous moment of the nucleon is clearly a property of its internal quantum structure; 


by itself, this precludes the representation of the nucleon as a local field. 


The essential conflict between quark and meson-nucleon field theory is thus at a very 
basic level: because of Lorentz invariance a conserved charge must be carried by a local 
(point-like) current; there is no consistent relativistic theory where fundamental constituent 


nucleon fields have an extended charge structure. 


6. CONCLUSIONS 


The synthesis of nuclear dynamics with the quark and gluon processes of quantum 
chromodynamics is clearly a basic fundamental problem in hadron physics. The short 
distance behavior of the nucleon-nucleon interaction as determined by QCD must join 
smoothly and analytically with the large distance constraints of nuclear physics. As we 
have emphasized, the fundamental mass scale of QCD is comparable with the inverse 
nuclear radius; it is thus difficult to argue that nuclear physics at distances below ~ 1 fm 
can be studied in isolation from QCD: meson and nucleon degrees of freedom of traditional 
nuclear physics models must become inadequate at momentum transfer scales 2 200 MeV 


where nucleon substructure becomes evident. 


Thus the essential question for nuclear as well as particle physics is to understand 
the transition between the meson-nucleon and quark-gluon degrees of freedom. There 
should be no illusion that this is a simple task; one is dealing with all the complexities 
and fascinations of QCD such as the effects of confinement and non-perturbative effects 
intrinsic to the non-Abelian theory. Such considerations also enter the physics associated 
with the propagation of quarks and gluons in nuclear matter and the phenomenology of 


hadron and nuclear wavefunctions.2% 


Despite the difficulty of the non-perturbative domain, there is reason for optimism that 
“nuclear chromodynamics” is a viable endeavor. For example, as we have shown in Section 
4 we can use QCD to make predictions for the short distance behavior of the deuteron 
wavefunction and the deuteron form factor at large momentum transfer. The predictions 
give a remarkably accurate description of the scaling behavior of the available deuteron 
form factor data for Q? as low as 1 GeV2. The QCD approach also allows the definition 
of “reduced” nuclear amplitudes which can be used to consistently and covariantly remove 
the effect of nucleon compositeness from nuclear amplitudes. An important feature of such 


predictions is that they provide rigorous constraints on exclusive nuclear amplitudes which 
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have the correct analytic, gauge-invariant, and scaling properties predicted by QCD at 
short distances. This suggests the construction of boundary condition model amplitudes 
which simultaneously satisfy low energy and chiral theorems at low momentum transfer as 
well as the rigorous QCD constraints at high momentum transfers.°? In addition, by using 
the light cone formalism, one can obtain a consistent relativistic Fock state wave function 
description of hadrons and nuclei which ties on to the Schroedinger theory in the non- 
relativistic regime. One can also be encouraged by progress in non-perturbative methods 
in QCD such as lattice gauge theories or chromostatics;*! eventually these approaches 


should be able to deal with multi-quark source problems. 


It is essential to have direct experiment guidance in how to proceed as one develops 
nuclear chromodynamics. A high duty factor electron accelerator?” with laboratory energy 
beyond 4 GeV is an important tool because of the simplicity of the probe and the fact that 


we understand the coupling of the electron and quark current in QCD. It is also clear that 


1. One must have sufficient energy to extend electron scattering measurements from 
low momentum transfer to the high momentum transfer region with sufficient pro- 
duction energy such that Bjorken scaling can be observed. One certainly does not 
want to stop at an intermediate momentum transfer domain—a regime of maximal 
complexity from the standpoint of both QCD and nuclear physics. The recent EMC 
and SLAC data!® showing breakdown of simple nucleon additivity in the nuclear 
structure functions also demonstrates that there is non-trivial nuclear physics even 


in the high momentum transfer domain. 


2. One must have sufficient electron energy to separate the longitudinal and trans- 
verse currents. The o,/o7 separation is essential for resolving individual dynamical 


mechanisms; e.g. single quark and multiple quark (meson current) contributions. 


3. One wishes to study each exclusive channel in detail in order to verify and un- 
derstand the emergence of QCD scaling laws and to understand how the various 
channels combine together to yield effective Bjorken scaling. Helicity information 
is also very valuable. For example QCD predicts that at large momentum transfer, 
the helicity-0 to helicity-O deuteron form factor is dominant and that for any large 


momentum transfer reaction, total hadronic helicity is conserved.!® 


4. One wishes to make a viable search for dibaryon states which are dominantly of 
hidden color. The argument that such resonances exist in QCD is compelling just 
from counting of degrees of freedom. The calculation of the mass and width of such 
resonances is clearly very difficult, since the detailed dynamics is dependent on the 
degree of mixing with ordinary states, the availability of decay channels, etc. Since 


hidden color states have suppressed overlap with the usual hadronic amplitudes it 
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may be quite difficult to find such states in ordinary hadronic collisions. On the 
other hand, the virtual photon probe gives a hard momentum transfer to a single 
struck quark, and it is thus more likely to be sensitive to the short-distance hidden 
color components in the target wave function. Adequate electron energy is essential 
not only to produce dibaryon resonances but also to allow sufficient momentum 


transfer Q” to decrease backgrounds and to provide o,,/o7 separation. 


5. One wishes to probe and parametrize the high momentum transfer dependence of 
the deuteron n—p and 4 —A components, as a clue toward a complete description 


of the nuclear wavefunction. 


6. One wishes to measure the neutron, pion, and kaon form factors. 


s 


The region well beyond z = 1 for deep inelastic electron-nucleus scattering is im- 
portant QCD physics since the virtual quark and gluon configurations in the nuclear 
wave function are required to be far off shell. Understanding the detailed mecha- 
nisms which underlie this dynamics will require coincident measurements and the 
broadest kinematic region available for o,,/o7 separation. The y-variable approach 
which attributes the electron scattering to nucleon currents is likely to break down 
even at moderate Q”. Coincidence measurements which can examine the importance 


of the nucleon component are well worth study. 
8. One wishes to study the emergence of strangeness in the nuclear state. 


The fact that QCD is a viable theory for hadronic interactions implies that a funda- 
mental description of the nuclear force is now possible. Although detailed work on the 
synthesis of QCD and nuclear physics is just beginning, it is clear from the structure of 
QCD that several traditional concepts of nuclear physics will have to be modified. These 
include conventional treatments of meson and baryon-pair contributions to the electro- 
magnetic current and analyses of the nuclear form factor in terms of factorized on-shell 
nucleon form factors. On the other hand, the reduced nuclear form factor and scattering 
matrix elements discussed in Section 4 give a viable prescription for the extrapolation of 
nuclear amplitudes to zero nucleon radius. There is thus the possibility that even the low 


momentum transfer phenomenology of nuclear parameters will be significantly modified. 
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A powerful stochastic method for the numerical evaluation of 
path integrals in quantum mechanics and quantum field theory is re- 
viewed. Known as the Monte Carlo method it is directly applicable 
to the detailed numerical study of Quantum Chromodynamics with 
lattice regularization. Important results on non-perturbative quanti- 
ties, like the confining force between a heavy quark-antiquark pair, 
the critical temperature of thermal quark liberation and the mass 
gap are reviewed first within the pure gauge sector of the theory in 
the absence of quark vacuum polarization effects. The numerical 
calculation of the hadron spectrum in this approximation is discussed. 
The stochastic treatment of quark vacuum polarization effects is also 
reviewed. 


ip INTRODUCTION 


After so many years there is now a general belief that Quantum 
Chromodynamics (QCD) is the correct theory of the strong interac- 
tions, This theory is remarkably consistent with deep inelastic phe- 
nomena! and provides a solid framework for probing hadron struc- 
tures at short distances. The great success of QCD is explained by 
asymptotic freedom“ which tells us that the quark-gluon coupling 
becomes weak at short distances and perturbation theory is appli- 
cable ina systematic fashion, The bare coupling constant g(a) will 
vanish logarithmically as a function of the space-time cut-off 
parameter a, 


ula) ~ mn) an (1.1) 
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in the limit a 2 0. The value of the lattice scale parameter A in 
MeV units sets the strength of the bare quark-gluon coupling. 3 it 
directly relates to the widely used deep inelastic scale parameter 
4 by some numerical conversion factor, 


\ MES 


ee ee 
ae 2 aS ( ) 


Asymptotic freedom in Eq. (1.1) is indicated in a somewhat symbolic 
fashion without putting in some coefficients and higher order logarith- 
mic terms. 


On the scale of 1 fermi the coupling becomes strong, perturba- 
tion theory breaks down and the most interesting hadron parameters 
(mass spectrum, decay widths, wave functions,...) are not calcu- 
lable by analytic methods, In fact, it has been deduced from QCD on 
quite general grounds that any hadron mass My, will depend on the 
bare quark-gluon coupling constant g(a) non-perturbatively, 


> Syely enianl 


ie -l] 247 -b 
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The space-time cut-off a carries the dimension of the hadron mass 
in Eq. (1.3). It is the only dimensional parameter which appears in 
the regularized equations of the theory in the limit when all quark 
masses vanish. The constant b in the exponent is known analyti- 
cally. Without quark vacuum polarization contributions it is given by 


oS 11 (1. 4) 


In contrast, the non-perturbative coefficient cy} in front of the expo- 
nential expression in Eq. (1.3) varies from hadron to hadron and has 
to be calculated by numerical methods, This type of calculation is 
the main topic of the lecture. 


Asymptotic freedom for the bare coupling leads to the transmuta- 
tion of Eq. (1. 3), . 


mi = aes 
4 SLL at nvr ? (125) 


where the hadron mass Mj}, does not depend on the cut-off a anymore. 
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The dimension of the mass is carried now by the physically measur - 
able quantity AyES . The constant relating the hadron mass to ANAS 
must be calculated non-perturbatively, as we noted before. 


The experimental value of Ayag is only poorly known from short 
distance physics’ to be somewhere between 100 MeV < AMS < 
400 MeV. The main difficulty is that the predicted experimental 
scaling violation effects are logarithmically slow functions of the 
momentum transfer, Inthe non-perturbative theoretical study of 
QCD we hope to determine Ajyyg accurately, and perhaps less costly. 
Since the relation in Eq, (1.5) is linear, a few percent relative accu- 
racy in the determination of the constant would lead to the same small 
error in setting the scale parameter in MeV units. 


I would like to emphasize here that the detailed quantitative under - 
standing of QCD is very important beyond the investigation of strong 
interaction phenomena. The tests of grand unification theories of 
weak, electromagnetic and strong forces require non-perturbative 
solutions in QCD. The illustration of this statement is as follows. 

The unification scheme with SU(5) makes a prediction for the proton 
lifetime, 


4 
A—_— 
“ae 72 MS 
us x 10° == year , (GL) 


with dominant decay modes into ete type channels, The theoretical 
error from the unknown proton structure and uncertainties from 
extrapolation to the unification scale is guessed to be about two orders 
of magnitude as indicated by the error bars inthe exponent. The 
proton lifetime depends on the fourth power of Ajygg , a non-perturba- 
tive quantity again. With the current experimental lower bound, 


as ee Ta 10°* year , (157) 


the standard SU(5) prediction seems to be in serious trouble if 

As * 100-200 MeV. The seriousness of the problem depends on 
the details of the proton structure and the accurate value of the scale. 
parameter Ajgs.- The answer is expected to come from the non- 
perturbative solution of QCD. 


The non-perturbative method I am going to describe is ina way 
the theorists' experiment, With computer simulation, we can create 
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now interesting experiments, like the investigation of quark-gluon 
matter under extreme conditions with thermal quark liberation at 
high temperatures, The same technique allows us to calculate the 
hadron spectrum directly from first principles of Quantum Chromo- 


dynamics. 


To understand the method, I will describe it first in detail as 
applied to a simple quantum mechanical problem. In Quantum 
Chromodynamics I will only summarize the most important results 
without going into technical details. This presentation was prepared 
for those who want to get a first idea about the Monte Carlo method 
with some review on lattice QCD applications. 


2. THE PATH INTEGRAL AND THE 
MONTE CARLO METHOD 


I will briefly describe now a powerful stochastic method for the 
numerical evaluation of path integrals in quantum mechanics. The 
method is easy to generalize to Quantum Chromodynamics with lattice 
regularization. 


Consider a non-relativistic particle of mass m moving in some 
one-dimensional potential well V(Q). The particle is described by 
the Hamiltonian 


Z 


sees 
iat = Ene ar NA(KO)) (2.1) 


The transition amplitude, 


-(i/h#) veil) 
ye Q, le 19,) , (2.02) 


plays a fundamental role in quantum mechanics. It describes the 
probability amplitude of propagating from the initial position Q; of 
the particle at time t; to some final position Qry at time te. 


2,1 Feynman's Path Integral 


The time interval te-t, in Eq. (2.2) can be divided into ntl seg- 
ments with t, - t; =(ntlje, avhere € is the length of the time slice 
along the time- like axis in Fig. 1. The time direction is discretized 
this way as in lattice calculations. It is easy to show that Yes in 
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Fig. 1 


Eq. (2. 2) can be represented as the limit of the n-dimensional 
integral, 


n 
Z.. = const: lim Tl dQ: 
Kei) 


fi Serge 
(243) 
ap j 
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with the notation Qg =Q; and Q,,) =Q,;. The normalization con- 
stant in Eq. (2.3) is not relevant for our considerations. Eq, (2. 3) 
can be derived by writing 


-(i/h) H(t, - t.) 
Q, le OQ: 
i 


in Eq. (2.2) as 


n+] 


TI 2 i/n) A € Q. 
k=1 3 


and inserting a complete set of states n times. 
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The integration over n variables in Eq. (2. 3) corresponds to 
the sum over all zig-zag paths of Fig. 1 connecting Q; to Q, in the 
time interval tp-t,. The limit n~- = defines Feynman's path 
integral, 


c de ; 204 
Zee = const fac exp| i [ua ayat| ; ( ) 


where L = nue V(Q) is the Lagrangian of the particle. The 
transition amplitude Z,;(Q,=Q(t,), te; Q; = Q(tj), tj) is given by the 
sum of exponential phases along the paths from Q; to Q;¢. The 
phase of a path is determined by the value of the action integral 
Se [L@, Qvat along the path. 


For the numerical evaluation of the path integral we will keep n 
finite and work ona time lattice as depicted in Fig. 1. With suffi- 
ciently dense slicing (large n) the results of the calculation will meet 
any prescribed accuracy. 


It is very difficult to sum the rapidly oscillating phases of the 
path integral, even in simple quantum mechanical applications. We 
follow the standard trick and rotate to Euclidean time. In practice, 
this rotation corresponds to the substitution € > -ié inthe integrand 
of the zig-zag approximation of Eq. (2.3). This eliminates the imag- 
inary phase from the exponent. 


The Euclidean transition matrix element with n segments in the 
zig-zag paths is given by 


n 
(n) 1 
pes | : 
Fier ae dQ. exp Kop Oy Qyr-- + Qs a9] 5 (2255) 


where we dropped the normalization factor of the integral. This 
factor always cancels in physical quantities. The Euclidean action 
in Eq. (2.5) is given by 


Q s V(Q 


n (Q 
1 k+l) “k k+1 
Ss Peeeos = >» = ned 
E29 Qnty) [ime 2 +e 
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)+V(Q,) 


2 
(2.6) 


There is no integration in Eq. (2.5) over the end points Qg = Q; and 
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One can study the Euclidean correlation functions of the quantum 
mechanical particle, like the two-point function 


(n) ? (25%) 


or more complicated ones. The relevant physics has to be extracted 
from averages like the correlation function in Eq. (2.7). 


2.2 The Monte Carlo Method 


Feynman's path integral in Euclidean time shows some interest- 
ing formal analogy with a classical one- ee oer Chystalyweinetiae 
approximation of n integration variables, Z in Eq. (2.5) can be 
viewed as the partition function of a chain of ao 2 particles ina 
crystal lattice. There is some potential energy €V(Q)) for the k-th 
particle where Q, designates the displacement of the particle. The 
interaction between two neighboring particles along the chain is given 
by m/Z2e (Q) 4, - oh . The displacements Qy and Qy4) of the 
first and the last particles, respectively, are fixed. The other 
particles can move in the crystal lattice. 


The energy of this classical system is given by the Euclidean 
action Sp and the temperature of the crystal is f following our 
formal analogy. The correlation function in Eq. (2,7) is interpreted 
as the thermal average of Q;Qy over the classical one-dimensional 
crystal at temperature H. The probability distribution of the con- 
figurations is given by 


1 
exp |- — S 
Apes oe | 5 Se) an ] 6 (2.8) 
7 (a) 


ae 


The expectation value (Qy;Qy) can be calculated as follows. We 
generate configurations according to the probability distribution dP 
in Eq. (2.8) by bringing the crystal to thermodynamical equilibrium 
at temperature h. Taking samples from the probability distribution, 
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the correlation function (Qy Qy? will be given simply by the statisti- 
cal average of Q;Qjy over the sample configurations, 


There are Monte Carlo computer simulation techniques to accom- 
plish this. The computer would cycle through the crystal lattice 
changing the position of the particles sequentially. When a particle 
is updated its new displacement is generated according to the proba- 
bility distribution of Eq. (2.8) keeping the other particles fixed at 
their previous position. This probability distribution is the Boltz- 
mann factor of the particle at temperature h when all the other par- 
ticles are kept frozen. The physical picture is that we bring every 
particle in contact with a local heat bath, sequentially. The repeated 
procedure will eventually bring the system to thermal equilibrium. 


A sufficient number of sweeps will bring the crystal lattice to 
thermal equilibrium in the sense that at the end of each cycle a new 
configuration is generated with the correct probability distribution of 
Eq. (2.8), for all particles simultaneously. The statistical average 
of Q;Qj over the configurations will determine (Q;Qy? within 
statistical errors. The error will decrease proportional to n-1 
where N is the number of sweeps through the crystal lattice used 
for averaging in the computer simulation. 


2.3 Particle in Double Well Potential 


A simple application of the above described method will demon- 
strate the power of the stochastic procedure. It will also help us to 
understand the thermodynamics of a quantum mechanical particle in 
heat bath at temperature T using the path integral formulation of 
the problem, The same procedure is followed in QCD in the study of 
the properties of hot quark-gluon matter. 


In thermodynamics the partition function of the particle is given 
by 


Z = Tre? 5 Byer _ (2.9) 


The trace can be written as 


-8H 
Zee [ea (ale Oper (2. 10) 


The evaluation of Eq. (2.10) proceeds as before. The operator via 
is written as the product of e~©" factors. Complete sets of states 
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are inserted and the trace is reduced to the n dimensional integral 
of Eq. (2.5). One also has to integrate over the end point variable 


Q = Q¢ =Q; because of the presence of the trace operation in 
Baas (Zen 0), 


We learn therefore that the thermodynamics of a quantum mech- 
anical particle at inverse temperature 8 is equivalent to the sum of 
periodic Feynman paths with period 8. Furthermore, the summa- 
tion of the Feynman paths is equivalent to the classical partition func- 
tion of a periodic one-dimensional crystal, The inverse of tempera- 
ture T appears as B = (ntl)e where 8 is the length of the periodic 
crystal. It is important to distinguish between the physical heat bath 
which is the environment of the quantum mechanical particle in the 
thermal problem and the fictitious heat bath of the Monte Carlo pro- 
cedure in generating the probability distribution of Eq. (2. 8). 


We apply now the machinery to the double well potential: 


Tit 4 
Pigs. ue Oo 4 10, (2011) 


with two minima as depicted in Fig. 2. When the temperature is low 
so that kT is much smaller than 
the ground state energy Eq, we 
V(Q) can extract information about the 
ground state properties of the 
system. Fig. 3 shows a typical 
configuration as generated by the 
Monte Carlo simulation of the 
one-dimensional crystal lattice. / 
Q Q We can see quantum mechanical 
£ tunneling here between the two 
potential minima for kT < Eo 


aGe 
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The histogram of the Q-distribution as cumulated over many 
configurations is shown in Fig. 4, With proper normalization it gives 


the absolute value square of the wave function for the quantum par- 


The Monte Carlo points of Creutz and Freed- 


ticle in ground state. 
The 


man are sitting right on the dashed line of the exact curve. 
ground state energy can be extracted from correlation functions, 


ANHARMONIC OSCILLATOR 2 
0.44 Il 


Ay a oe 


Though the above procedure may e2pear somewhat peculiar for 
the solution of quantum mechanics, it is the only tool today to attack 


non-perturbative QCD. 


3, OBSERVABLES IN THE PURE GAUGE SECTOR 


The spirit of the calculation in QCD is the same as in our simple 
The furctional integrals are now four- 
We take some finite volume in 
Gauge 


quantum mechanical example. 
dimensional in Euclidean space-time. 
this 4d space and introduce Wilson lattice regularization. 
fields live on links in lattice QCD and cuark fields live on lattice 
sites. The lattice system has a finite number of degrees of freedom. 
The relevant n-dimensional integrals can be evaluated again using 

the above described Monte Carlo technique. In practice, we integrate 
now over the order of a million variables, A remarkable technical 


achievement, indeed. 


A hypercubical lattice in four Euclidean space-time dimensions 
is used in the calculations. The link connecting the nearest neighbor 
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sites i and j is designated by [i,j]. An SU(3) matrix U;. is 


associated with every link of the lattice such that : 
U.. = (U,.)? 4 
ji ij : (nM) 
The partition function is defined by 
zi8) ={ Tl expl-es_(v)] i (3. 2) 
i 


Li, j 


where 6 is the inverse coupling constant squared as given by 6 = 
6/g%(a). Here g(a) is the bare coupling constant of the theory for 
lattice cut-off a. The measure in the integral of Eq. (3.2) is the 
normalized invariant Haar measure, The action Sp is defined as a 
sum over all unoriented plaquettes, 


1 
S_(U) = > SS. = > (1 -dRe Tru ) » tas Sy) 
E 

plaquettes oh plaquettes 2 ie 


where the plaquette U,, is the smallest rectangular Wilson loop. 
Rectangular Wilson loops 8 are defined by the expectation value 


W(I, J) = = (Re Tr ue , (S24) 


where C isa rectangle of rectangular dimensions I and J and Uc 
is the product of link variables along the loop C, 

The use of Monte Carlo techniques in lattice QCD was first sug- 
gested by Wilson. 9 The first calculation of the string tension in the 
pure gauge sector of the theory with SU(2) color was carried out by 
Creutz.19 It came after the pioneering work of the Brookhaven 
group!! and triggered great interest in the subject. 


3.1 String Tension 


The potential energy V(r) between a heavy quark-antiquark pair 
at large separation r defines the string tension K inthe gluon sec- 
tor of the theory, 


4a(r) 


+ Kr . 3.5 
= r (3. 5) 


V(r) = - 
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The Coulomb term in Eq. (3.5) describes asymptotic freedom at 
short distances and the linear potential is associated with permanent 
quark confinement, One often pictures the confining force asa 
chromoelectric flux tube between the quark-antiquark pair. The 
energy stored per unit length in this flux tube is given by K. 


K also relates phenomenologically to the slope a’ (0) of Regge 
trajectories. If high angular momentum excitations are described as 
rotating strings, one derives the relation 


1 
oy Seema eet. i 3.6 
2a’ (0) es 
Heavy particle spectroscopy, which is based on the potential of 
Eq. (3.5), and the universal Regge slope a’(0) are consistent with a 
value for K somewhere around 


ig tay, eel Cee (3.7) 


fermi 


The string tension was the first physical quantity determined 
by the above described Monte Carlo technique, first in SU(2), 10 and 
later in SU(3). 1¢ To extract the string tension, one has to calculate 
the logarithmic ratios 

W(I, J) W(I-1, J-1) 
I,J) = -& (pata at Loe \ 

AEH W(L,J-1)W(I-1, J) C8) 
For large I and J, the ratio X(I,J) is identified with the dimen- 
sionless string tension Ka“ in lattice spacing units. Since K isa 
dimensional physical quantity with dimension mass“, it must depend 
on the bare coupling constant g(a) as 


2b 


LO2/12 1h 


- 1 | 247 (a) 
K = const a: 2 e 8 (3s 9) 
a llg 


This non-perturbative behavior on the bare coupling constant is simi- 
lar to that described in the Introduction for hadron masses, 


Interesting progress has been made recently by Tomboulis in 
proving quark confinement in the pure gauge sector of the theory, 13 
He proves that in SU(2) lattice gauge theory, the energy of a heavy 
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quark-antiquark pair is bounded from below by that calculated from 
the approximate Migdal-Kadanoff renormalization group transforma- 
tion, This transformation generates a linear confining potential with 
a string tension of the form of Eq. (3.9). The Tomboulis bound there- 
fore can be interpreted as a rigorous proof of quark confinement on 
the lattice, 


Unfortunately, the parameter b in the exact form of Eqs. (3. 9) 
and (1.4) is smaller than the one generated by the Migdal-Kadanoff 
transformation, This has a serious consequence, In the limit when 
the lattice spacing a goes to zero the Tomboulis bound becomes 
trivial, The lower bound for the string tension becomes zero in this 
limit. We have to turn to Monte Carlo calculations for practical 
results. 


The latest Monte Carlo results of Creutz and his collabora- 
tors!* on the string tension is shown in Fig. 5, The lattice size is 


x(I,J) 


to! 


38c J. Kuti / Nonperturbative Quantum Chromodynamics 


34 in the calculation, The straight line on the logarithmic plot is 
the envelope of the logarithm of Wilson loop ratios to project out the 
expression Ka* from the Monte Carlo data. The slope of the 
straight line is fixed by the renormalization group and given by the 
exponent of Eq. (3.9). The data strongly departs from the leading 
strong coupling result 


Kae = -I — (Biz) 


around 8 = 5,5, It is indicative that continuum renormalization 
group behavior is seen in the data above 8 =5.7. The relation be- 
tween the string tension and the lattice scale parameter from the 
intercept of the straight line and the horizontal axis is given by 


A = (6+ 1)10°°NK , (311) 

: ; . é 15,16 
This result is being challenged by some recent calculations. 
Stack!> measures K ona lattice of size 8°12, The long time direc- 
tion allows him to measure longer Wilson loops, as dictated by the 
theory, for fixed spatial separation of the heavy quark-antiquark 
pair. Also, Stack calculates the heavy qq potential from short dis- 
tances to one fermi and beyond, He finds scaling behavior as ex- 
pected from the renormalization group in the limit a > 0. 


The calculated points of the potential are shown in Fig. 6. Since 
the potential V is plotted against a scaling variable x , the fact that 
all the points are ona single scaling curve is interpreted as con- 
tinuum limit renormalization group behavior. 15 


The solid line is a fit to the Monte Carlo points with the phe- 
nomenlogical form of Eq. (3.5), The dashed line is the running 
Coulomb potential at short distances, Around 1/2 fermi the non- 
perturbative behavior sets in and the Monte Carlo points depart from 
perturbation theory. The best estimate between A and K is re- 
ported to be 


A = (ison NES ; (3.12) 


in clear discrepancy with Eq. (3.11), The two calculations differ by 
about a factor of two. 


Deneve bi another determination of the conversion factor was 
reported, The authors of that paper work on a lattice of size 
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10°20, They measure the string tension froin the correlation function 
of thermal Wilson loops (Section 3, 2) which are periodic along one of 
the directions with ten links, The reported value 


-3 
AH EA lO s OlO) TOU) ON ©; (35°03) 
is very close to the result of Stack, 


In a contribution to the poorer cues a new calculation of the 
conversion factor (with a value 7.9) was reported for data above 
B=5.5 ona lattice of size 10%. 


8 


At B=5.,7 there is another recent calculation. on a large lat- 
tice of size 164, The reported value is 6,9 close to the number in 
Eq. (3.11). Since scaling is not seen at that coupling in the calcula- 
tion, the result is interpreted as a lower bound on the conversion 
factor, I should also note that Stack would agree with the number 6,9 
at B= 5.7 using square-like Wilson loops. 


The controversy af the string tension calculation has to be clari- 
fied in the near future. It has serious consequences in setting the 
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physical scales inthe theory. Taking NK ~ 450 MeV the scale 
parameter Aygo is about 80 MeV with a conversion factor of 6, With 
the new values 11 or 11.9, AMS would be about 150 MeV. Accord- 
ingly, the lattice spacing at 8 = 6 would decrease from 0, 2 fermi to 
0), 1h HeICeAbl, 


3.2 Hot Gluon Plasma 


There has been a long-standing conjecture!” that a phase transi- 
tion occurs as a function of temperature between the low temperature 
confining phase of QCD and the deconfined hot gluon plasma phase. 
Quarks can move freely in the hot gluon plasma. 


20 : : 
Recent Monte Carlo calculations gave strong numerical evi- 
dence that the quark liberating phase transition indeed occurs in the 
gauge sector of QCD, The calculation goes as follows, 


We insert a heavy quark-antiquark pair in the vacuum at large 
separation, At zero temperature some chromoelectric flux develops 
between the quark and antiquark, and we experience some confining 
force law with linear potential energy. Now we heat up the system 
and repeat the calculation at finite temperature. 


One finds a critical temperature T, where the confining force 
between the heavy quark and antiquark suddenly disappears. What 
happens somehow is that the vacuum as a medium which supports the 
confining chromoelectric flux gradually fills up with glueballs as the 
temperature increases, Ata critical temperature T. suddenly some 
gluon plasma forms and the string tension becomes zero. The quark 
and antiquark are not permanently bound anymore.’ 


The finite temperature calculation proceeds similarly to that of 
the simple quantum mechanical example in Section 2.3. The static 
quark is represented by the thermal Wilson loop W,. It is defined 
as the expectation value of the trace of the U-matrix product along 
the temperature direction for fixed spatial position of the quark, 20 
There is a similar thermal loop for the antiquark. The string tension 
at finite temperature can be extracted fromthe correlation function of 
the thermal loops for the quark-antiquark pair, 


The phase transition is a bulk property of the system and there- 
fore relatively easy to detect in Monte Carlo calculation. The order 
parameter We of the phase transition, 
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W, =exp(-8F) , 


Ne (3. 14) 


where F is the free energy of an isolated heavy quark in heat bath, 
can be continuously monitored as the temperature T (B = 1/kT) is 
increased in the Monte Carlo calculation. 
order parameter W, is observed 
shown in Fig. 7. 2} 


An abrupt change in the 
at the critical temperature as 


4 
40 


3.0 
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Below T, the color field around the isolated quark forms a 
collimated chromoelectric flux, Above T, we find a Debye screened 
Coulomb field as shown in Fig. 8. The change in the chromoelectric 
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field energy of the isolated quark is infinite at the critical tempera- 
ture Io, even tor finite cut-oil a; This infinite change in the free 
energy of the isolated quark makes the order parameter vanishing in 
the confining phase below the critical temperature. 


The critical temperature is a physical quantity of mass dimen- 
sion. Therefore, T, depends on the bare coupling the same way as 
NK or any hadronmass. This is clearly demonstrated in Fig. 9 a2 


SO. 2ume OG 0S Cun SiG GION 
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where the intercept of the straight line (with the right slope) yields 
the relation between T, and the lattice parameter A. With the old 
value of the string tension one finds 


il 
ee ee (Nts) 


Hise numerical value of T,, would be around 200 MeV, a very interest- 
ing temperature for the heavy ion community. 
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If, however, the string tension is close to the new value of 
Eq. (3.12), the relation becomes 


be ~ NK (3. 7e) 


pushing T., to about 400 MeV a very large temperature to access in 
heavy ion physics. 


The nature of the phase transition is rather well established by 
now. It appears to be strongly first order*> with a measurable latent 
heat. The presence of quark vacuum polarization is expected to de- 
stroy the first order nature of the phase transition, In fact, there 
has been a conjecture“* that the phase transition may be completely 
smeared out by the presence of light vacuum polarization quarks. 


3.3 Mass Gap and Glueball Excitations 


It would be very interesting to determine numerically the mass 
spectrum of lowest glueball states. Previous attempts“> were based 
on the study of the exponential decay of correlation functions, like 


2 Z 
(0 [G5 (0) Gy) 0? (2a) 


where G,,, designates the field strength of the gluon field. The 
exponential decay of the correlation function at large separation is 
governed by the lowest glueball state which can be excited from the 
vacuum by the composite operator Se ° 
26 

A new scheme was proposed recently which allows the extrac- 
tion of glueball masses from correlation functions of composite opera- 
tors in combination with a variational principle. 27 Results are re- 
ported for the mass of the oer glueball to be 


Salo") > PRS - (3. 18) 


if the value im Eq. (3.11) is used for the string tension, With the new 
string tension results the mass of the 0°" glueball would be around 


SATE Se eae (3.19) 


The numerical value of the ee glueball mass is predicted to be 


somewhere between 1 GeV and 2 GeV, subject to a more consistent 
determination of the string tension. 
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Putting that aside, I still feel somewhat worried about the 
reliability of glueball mass calculations, since the lattice sizes in- 
volved are disturbingly small. 


To improve the quality of Monte Carlo calculations ona given 
size lattice at some coupling (around the cross-over into the scaling 
regime), Symanzik sugge sted28 the modification of the lattice action 
adding properly chosen irrelevant operators to the Lagrangian, ANAS 
method seems to improve the Monte Carlo results significantly. 29,30 
Fig. 10 shows the mass gap in the 2d O(3) model using Symanzik's 
improved action. 2 


MASSGAP 
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Fig. 10 


Apparently, the onset of scaling is much more rapid with the 
improved action which has the same continuum limit as the old one. 
The approach is very promising for future applications, A glueball 
calculation with the new improved action in the SU(2) gauge model 
was reported recently. 


3.4 Gluon Condensate in the Vacuum 
The vacuum state of Quantum Chromodynamics, even in the 


absence of quark vacuum polarization, is a complicated medium 
whose physical properties are only poorly known. 
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Unfortunately, we have learned only very little so far about the 
detailed structure of the vacuum from Monte Carlo calculations. 
know that the vacuum as a medium is responsible for confinement, 
and when heated it suffers deconfining phase transition at some criti- 
caltemperature, Very little is known about the nature of the gluon 
condensate which is responsible for those phenomena, 


We 


We are impressed by simple pictures which describe so ele- 
gantly some of the simple spin models. Fig. 11 shows the two- 
dimensional x-y model as it evolves from some chaotic configuration 
to a low temperature state in a few hundred Monte Carlo sweeps. 


a li Wes. 27 pe an 

a cc BS Vaal AN es 

a RIN Sh esr % 

vA) X-\ 4 Zh WV Se 

ma 2S PEAS 5 ONE SS 

NAKT ee TEINS LESION 

Sewn lp censor 
> PES 4. Rn ea Aon aca \ \ 
Cal NV OSU E a  icatai Wres Nea 
SMT Ci ie NW AUN choy a Sa 
NN ASGe SS eI t Z ata 
v ti ee Ae “ SS OI ILLS. 
ih *H See AV SNCAT ANNs PCAAOALA AOL A AA ces I 
a4 fore (G ! Noi Nive mead ony PAPSSAALALAAAAAS ee ee eff SZ 
See 1) EN We ne 2 | Sy rae Ane eeN SAOOPOOPLD LAL ADLAIPAAALAL AAA LL ALAA 
pestracsce ds ies (hee ee SBS PLULIASEIA ELA ALLL ALL LL ELLPAL LS, 
dis 1 ae CEN Bee solace CAVASASPIIASALAALOAALSOAASAAS SS 
: Cal Aan SS AUN INE eA a COVTIASIIVAALLLALLIASL LASS LSS 
G| Pao Lanes ena, i CLIPELLAADALAAAAL AS ALL LAC CAOL 
Se Ne oy is 2 Tse SOCPTASSALAADNNA AALS SAPO AN A AOS 
ean a ar e784 eB AW f SALEVLALLATININA SSAA AALS A 7 
RG =, Sie]. Nees SALSISAPPLINNIANAASALSS ALAS fener 
N KE yy ZAIN {~< oe ALAA ee 
\SM\ 2 INDLS V7 Iw yt LED IIGLG GS YIN NWA ff 
BALL ZN Pea SS. iN SESE TOLIOIVIT INNA TD oreo ccee 
k AMS .S cece ss 7/ Itt { 1 Na Oe 
NSA NN 7 ee AANA) Ws sree 
x NERN Ne SS aa) 7x S| Woe 
Fea oi SS XN —-—- a= 

NIN FN MOURN iT Se LOL PANG AEE 


Vi ie Sai \\ 
ie hae zs NN 
N Va = SS 
\ NIA RRR \ 
‘A WUSSSSSASS Ny 
\ Sei \\ 
\ =o { \ | Se 
\ SAP iss 
\\ SAN a 
N SS NAAN 
Ni AT rere NIE ~ 
NN ) SIN WN Wa 
/ LATS SNE id 
SS ES SS SNNININS Z is 
RN Lae Sa NASSNNNAN 
NNAANSN A VELL, \~———~~ UN RUN See = 
NAANNN A PAGES Ne REN RENAE ae 
PI eee WY VAS ss 
UP) IAN NR NN os SSN 
LT ie COIN EE IIT AL NNNOR NING As Ve NAY 
PEW TANS SPAN \ AN AAAS \\ 
((TFESIT EN NNSZOST ICANN (in \s 
VAAN BG tacc/ IN Na XK 
AN ANE a ie a LSS SN? A 
A ay: SS Sass 
EN yyy SSS FRR SS aa 
SS SS ASSN 4 Sawa NI 
Ti PVNANSE 


Fig. 11 


One can clearly see the Koesterlitz-Thouless vortices as they 
emerge from the initial configuration, The important role of the 
Koesterlitz-Thouless vortices is well known in the 2d x-y model. 


It 
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would be very satisfying to see that sort of qualitative (and also 
quantitative) insight into the vacuum structure of Quantum Chromo- 


dynamics, 
4, THE FERMION PROBLEM 


During the last two years considerable effort went into Monte 
Garlo methods for the numerical study of quantum systems with 
fermionic degrees of freedom, This outstanding problem is of great 
importance for applications in quantum field theories, condensed 
matter physics, and nuclear physics. 


We will follow here the standard strategy of quantum field 
theory and work directly with the effective action of the gluon fields 
when the fermionic degrees of freedom are all integrated out. Though 
the effective action becomes non-local and very complicated in the 
presence of the fermion determinant, a considerable effort has been 
made to extract results from QCD in the presence of quark degrees 
of freedom. 


4,1 Fermion Determinant 


For a general presentation, I will consider now the Euclidean 
action 


S=S,(U) + 2 YM (UY, (4, 1). 


in four dimension, It describes the interaction of the gluon field U 
with the quark field ; , and the subscripts on the fields refer to the 
lattice points. Spin and internal symmetry indices are suppressed, 
for simplicity. The matrix Mjj(U) designates both the kinetic and 
mass terms for the quark field, and coupling to the gluon field. So(U) 
describes the pure gluon part of the Euclidean action. 


It is interesting to note that most of the important models in 
quantum field theory, condensed matter physics and nuclear physics 
can be brought to a bilinear form in the fermion fields. 


The fermion Green's functions can be calculated by inserting 
sources into the path integral 


Zn) - | oro DU exp -s +> Gi,y, Trp | aes (202) 
i 
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By taking the functional derivatives and integrating out the Grassman 
variables of the fermions, the quark correlation function can be 
written as 


2 
Ce ih a) 
ey ony ens a 
n=n=0 
1 
= § four} (U) exp[-S Bel (Ul; ears, 


where Z is the partition function of the quark-gluon system, The 
effective action is given by 


expl-S_,.(U)] = det[M(U)]exp[-S,(U)] . (4, 4) 


The fermion determinant with Wilson fermions is always positive 
definite. 


We apply now the Metropolis Monte Carlo method to the evalua- 
tion of the functional integral in Eq. (4.3). A local change U 7 U+6U 
in the gauge field implies?“ 


expl-S_.(U +6U)] 


_ oi e 
expl-S_,,(U) = det{[1+M ~“(U)5M(U)] 


expl-S,(U +6U)| 


" ~expl-S,(0)] Eee 


With local quark-gluon coupling the non-trivial change 6M in 
the fermion matrix is restricted to the neighborhood of the updated 
lattice link. Consequently, we need only a few inverse elements of 
the large matrix M in each updating step of the Metropolis proce- 
dure, Since the results of a Monte Carlo calculation are always sub- 
ject to some statistical inaccuracy, it is i Dias to evaluate the 
inverse matrix elements stochastically. 33, 


4,2 Chiral Symmetry Breaking 
Recently, some challenging results were reported concerning 


chiral symmetry Buca maser and the spectrum of light hadrons. Inthe 
quenched approximation? 36 the fermion determinant (det M) is set 
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to one in the Monte Carlo calculation. The hope is that quark vacuum 
polarization will not play an important role in the mechanism of 
chiral symmetry breaking, or in light hadron spectroscopy. 


The observation of spontaneous chiral symmetry breaking was 
reported in the Monte Carlo evaluation of (Uw) inthe absence of 
quark vacuum polarization loops, Later quark loops were added to 
the calculation?’ using the pseudo-fermion method>? for the evalua- 
tion of the quark determinant. 


The difficulty with spontaneous chiral symmetry breaking is 
twofold, First, there is no satisfactory way of putting fermions on 
the lattice and maintaining the chiral symmetry of the Lagrangian. 
This problem is partially cured by the introduction of staggered 
fermions on the lattice. Second, even if we had satisfactory lattice 
fermions, the limit of vanishing quark mass has to be taken to 
demonstrate spontaneous chiral symmetry breaking. With present 
Monte Carlo techniques one has to do the calculation for finite ferm- 
ion mass and extrapolate to the zero quark mass limit empirically. 


The restoration of chiral symmetry at finite temperature was 
studied recently by the Urbana groups in the quenched approxima- 
tion. At zero temperature they confirm the appearance of spontane- 
ous chiral symmetry breaking using staggered fermions in the cal- 
culation. As the system is heated a critical temperature URS is 
found where chiral symmetry gets restored. Fig. 12 shows their 
Monte Carlo results. 


The thermal Wilson loop W; and wu are plotted on the same 
figure as a function of 8. For their fixed lattice size 83, 4 the 
variation of the coupling constant corresponds to the variation of the 
temperature, The length of 4 of the thermal direction is fixed in 
lattice spacing units but the cut-off a varies in physical units as we 
vary the bare coupling constant, Fig. 12 demonstrates that the 
phase transition of thermal quark liberation and restoration of chiral 
symmetry take place at the same critical temperature within the 
error bars of the Monte Carlo calculation. 


Some results were also reported on the restoration of chiral 


symmetry as a function of quark density>? in the absence of quark 
vacuum polarization effects, 
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4,3 Hadron Spectrum without Internal Quark Loops 


At the beginning of this game optimists and sceptics were 
worlds apart. Very good results were areas for the light hadron 
spectrum in the quenched approximation, 5 The lattice size was 
small (6°10) and 8 = 6 was chosen, where the continuum approxima- 
tion should be reasonable. Equally good results ‘were reported at 
B =5.7 onthe same size lattice. 36 Since the results were so good, 
the optimists thought that the only remaining little step was to show 
that bringing in the internal quark loops would not change the results, 


Unfortunately, the results changed without bringing in quark 
loops at all. The small lattice and 8B = 6 brings the gluon system 
close to the boiling point of the confinement phase and the hadron 
masses fluctuate wildly as a function of Monte Carlo sweeps through 
the lattice, Due to those thermal fluctuations results on hadron 
masses would fluctuate accordingly, within a factor of two or more 
depending on where you stopped the Monte Carlo run. This is clearly 
seen in Fig. 13 of some recent work 0 where a large lattice of size 
10320 was used. 
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1500 2000 2500 3000 —Neveeps 
Fig. 13 


Doubling the lattice size (approximately) in every direction is a 
great technical improvement. The new ~P meson mass now appears 
to be stable while the old one on the small lattice wildly fluctuates as 
a function of Monte Carlo sweeps. The mean value of the old mass 
calculation differs from the new one by about a factor of two. 


Good agreement of the quenched approximation with observed 
hadron masses is still claimed, since a new conversion factor be 
tween the lattice scale parameter and the string tension was meas- 
ured on the big lattice!© as reported before in Eq. (3.13). The pre- 
vious calculation on the small lattice>° used a conversion factor in 
agreement with the value in Eq, (3.11). If the new string tension 
measurements turn out to be the accurate ones, we still have a prob- 
lem, The lattice spacing a for the same coupling 8 = 6 would be 
about 0.1 fermi, about half of the previous value. Though the lattice 
size was substantially increased, 10 links only add upto 1 fermi, a 
disturbingly small value again, 


I should point out that the caleulation’° with B=5.7 is prob- 
ably free of the above problem, since the gluon system is far from 
its boiling point at stronger coupling. However, the scaling prop- 
erties of this calculation remain to be investigated, The coupling 
seems to me dangerously strong. 


I should also mention that another interesting way of calculating 
hadron masses in lattice QCD has been developed by Hasenfratz 
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eurals 41 The hopping parameter expansion of the quark propagator 
is combined there with careful Pade analysis to extract the poles of 
hadron correlation functions at the location of hadron masses, The 
latest results of this analysis for meson masses was reported very 
recently zona large lattice of 16°. 


4.4 Quark Vacuum Polarization 


The first results on quark vacuum polarization effects just 
begin to appear. 37, 43-46 The most interesting to me is a recent 
calculation of quark vacuum polarization effects in the phase transi- 
tion of thermal quark liberation. 45 It is reported that heavy quarks 
seem to smear out the first order phase transition. It is argued on 
the basis of Monte Carlo calculations that vacuum polarization 
quarks as heavy as 1 GeV may wash out the phase transition com- 
pletely. Similar conclusions were reached ina paper 46 submitted to 
this conference. 
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GLUONIC EXCITATIONS IN HADRON SPECTROSCOPY 
Frank E CLOSE 


Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire 0X11 0QX 
England 


1. INTRODUCTION 

Quarks possess colour charge and these charges appear to be the source of 
the forces that cluster quarks together to form the bound states that we 
collectively call "hadrons". The hypothesised similarity in the behaviour 
of colour and electrical charge is well known, as is the consequent 
Similarity between QCD - the relativistic quantum field theory of colour - 
and its electromagnetic counterpart QED. Indeed we have already seen at 
this conference how QCD is now being applied to nuclear problems, not merely 
Single hadrons. 

The more deeply we study the mathematics of QCD the richer and more 
profound it appears. Although it is very similar to QED at the perturbative 
level, in the non-perturbative regime of confinement it is utterly different 
and only hazily understood. The analogy between hadronic (QCD) and atomic 
spectroscopy (QED) and the current conundrums are nicely highlighted by 
Gottfried '"Hadrons, hadronic spectroscopy, and the quark model of hadrons, all 
came before we had a viable theory of the strong interaction. While we 
believe that the Yang-Mills equations of QCD are the analogues of Maxwell's 
equations, we do not yet know how to extract the equivalents of the Coulomb 
and Biot-Savart laws from this field theory, though we are on the verge of 
attaining a precise semi-empirical knowledge of these interactions from the 
data. And there is as yet no clear-cut spectroscopic evidence for gluonic 
excitations --as if we were puzzling over atomic spectra without direct 


evidence for photons" 


The existence of gluonic excitations” - "glueballs" - and hybrid 
excitations of gluons and quarks - "hermaphrodites or meiktons"*~/ 
is a necessary consequence of QCD. I shall concentrate on this important 


area in this talk as there has been a sudden rush of papers during the last 
year. For the current status of conventional quark spectroscopy and what we 
are learning about QCD see Gottfried's excellent review ; if your colleagues 


merely want to know the general basics of quarks see reference 8. 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 


56c F-E. Close | Gluonic Excitations in Hadron Spectroscopy 


Models which give successful descriptions of quark spectroscopy and incor- 
porate QCD are natural tools to exploit in seeking expectations for gluonic 
spectroscopy. Lattice QCD and bag models appear to establish the important 
fact that gluonium states are immersed in a swamp of conventional mesons. In 
the absence of detailed theory do we have hope of isolating and identifying 
gluonic candidates? I believe the answer is yes modulo three working hypo- 
theses. 

1 States that are prominent in gluonic processes (such as ~ decays) and are 


absent or hardly visible in conventional hadronic data are prima facie 


candidates. 


Conventional hadronic experiments involve beams of quarks and targets of 
quarks, so dominantly quark clusters are produced. To produce glue we first 
destroy the quarks, the ensuing colour radiation - gluons - can then form 
gluonic clusters. Such a case is W—»y + X. In QCD perturbation theory 
this process is triggered by »—sy + two gluons. This predicts that |] in 7 
decays of the w should be of this form, and indeed they are. The qualitative 
suspicion that glue is around is quantitatively validated so if the state X 
resonates, and has not been seen in quark experiments, the onus is on people 
to say why it is not a gluonic candidate. 

The models so far have discussed gluonium”, having the constituents GG, 
GGG etc ... and hybrids with constituents qqgG as well as familiar qq, qqqq etc. 
The distinction between these tends to disappear once interactions are included. 
So one can shuffle one's feet and argue that mesons contain gluonic components 
in their wavefunction but also have qq and so are not pure glueballs. The 
whole picture then gets very murky: "is this state or that dominantly glue; 
which one is dominantly qq"etc. In the present state of affairs this is 
hardly the right attitude. Let me make hypothesis 2. 

2 If, as time and data progress, more and more hitherto unobserved states 


of low spin (in particular Ona) emerge in wy (or 7) decays, quark degrees of 


freedom will be insufficient to explain the abundance. 


Recent reports on new.structures in W-»yy have not yet forced us into this 
position, but we are getting uncomfortably near to it. Gluonic degrees of 
freedom may be manifested in the totality of states even though ideal 
gluonium may be absent or unidentified. A survey of states in W—3YX which 
were not clearly seen in hadronic data include the following channels 
y. 12951051112 

a) KK™ 1(1440) is clearly seen with a width of 50 to 100 MeV. It is 
probably 0". It is the favourite candidate 2?!3. 
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We 


b) mmr 1(1440) is not seen here. Crystal Ball report a broad 
enhancement 1770 * 45 with r = 520 t 110, probably containing more than one 
resonance. Mark III also see this structure ui 

c) Sm (nmr) Mark III see an enhancement below 1400 that is not the 1(1440). 
It can be fitted with two Breit Wigners; one m = 1280, T = 26 MeV tantalisingly 
similar!’ to the (1275). The partner is m = 1380, T = 27+ 18. These 
widths are comparable to 1(1440). There is a catch 22: the 1 is not seen in 


ém(nmt), yet its a assignment supposed that KKi is dominantly dr. 

d) yo Mark III and Crystal Ball both see a 1270 structure (this could be 
f (1270) if T(f+yo) = 1 MeV) and a state whose mass is consistent with 
1(1440) or the 1380 state in Sm. However both groups find large widths, 
order 150 MeV, so this is not 1(1440). If better statistics confirm these 
structures then one may be forced into accepting several states in the 1300- 
1450 mass range. This totai structure has a radiative width of order 1 MeV 
but it could consist of several states with rather smaller individual radiative 
widths. It is important to establish what is going on here as pure gluonia 
cannot couple directly to photons, quark contamination is required (models 
that give quantitative estimates for gluonia radiative widths uniformly 
incorporate qq mixing). 

e) KK The 68(1700), T(100 - 150 MeV) is now well established even though 
its constituency remains controversial. The startling new result comes 
from Mark III who rand also a very narrow state &(2217), T = 28 t 15 MeV. 
Decays into K*K” and Keke are seen so the allowed quantum numbers are eee 
etc. This state is so far above KK threshold that its stability is 
astonishing. It is difficult to believe that dd, uu or ss quarks are 
Significant in its Fock State and it is surely something new. 

f) $@ Nothing is seen in Y—yyx (other than n,(2980)) but three broad 
states are claimed!” in mTN—ooN, masses 2.1 to 2.4 GeV and widths of 200-300 
MeV. As this process is prima facie mediated by glue there have been claims 
that these are gluonia. 

So there are plenty of candidates (and there are others claimed in hadronic 
experiments !®) Can we bring further order into the game? 

Hypothesis 3. Very Broad States couple strongly to quarks and so 


cannot be ideal gluonium. 


They may well have GG in their Fock State but the strength of their 
coupling to quark matter undermines the possibility of them being "pure glue". 

It is possible that all states are mixed - I am thinking of failure of 
"ideal" mixing, where "ideal" now is generalised to meanzy (ui nodd) soos 000s 
CE) cea If so life will be tough and hypothesis 2 will be our fall back 
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position. But there are examples of near ideal mixing in qq space, might we 
not hope for some kindness in nature for GG too? Could &(2200) be this gift? 


2. MODELS OF GLUONIC STATES 


2.1) Glueballs : Lattice QCD with no fermions 
172 


At the Brighton Conference Teper’’ reported the following states below 


2 GeV, masses in MeV. 


o* 750 + 50 

ot 1400 + 200 
+t + 

2 1600 + 100 
tee - 700 200 


all of which have + 20% systematic errors to be added due to the uncertain 

string tension. These results are qualitatively and even quantitatively, 

similar to those of bag models when O(a) energy dependent forces are included. 
2.2 Bag Models of Glueballs and Hybrids 


The idea is that inside a finite sphere of radius R QCD perturbation theory 
can be applied to confined quarks and gluons. Confining these fields forces 


them into discrete eigenstates¢?* which for the vector gluons are essentially 
the familiar TE and TM eigenmodes of classical electrodynamics in cavities. 


The lowest modes are, 


te aes w = 2.7/R = 460 MeV 
TE sre w = 4,.0/R = 680 MeV 
Wd, Sl w = 4.5/R = 750 MeV 


where the explicit energies correspond to a typical bag radius of R = 1.2 fm. 
The lowest mass colour singlets are formed from two gluons 


Note that there is no light oddball hae nor al’. Some authors make models 
where the gluon is treated as a massive vector particle with three degrees of 
freedom. They obtain Yvan 1 but this seems to be a further model 
assumption beyond the QCD Lagrangian. A 


To put this on a firmer footing one can form gauge invariant combinations 
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of Guy which act as interpolating fields between the vacuum and physical states. 


<JP | G 0> 


UN) Gog 


one finds® that JP = 0°, 2° but not 1” exist. To form 1 Tewires G., GygG,. 
(at least three gluons in bag models). 

In the early bag papers¢ two non-interacting gluons were considered. The 
o** and 2** were degenerate at 0.96 GeV; the Ge yanaees degenerate at 1.3 GeV. 
These papers made an important contribution, gave us our first orientations 
into possible gluonia spectrum and stimulated a lot of people. This early 
work led to a richer literature and their initial estimates have been 
superceded. In particular, we know that there are important spin dependent 
forces that split N and A quark states and it is to be expected that gluon 
systems are also split. 

During 1979-81 the technology for perturbative QCD in a cavity was 


18-20 (tree level only; no loops). If a. 152 0.5 the 0” falls 


developed 
below the 2**. The unknown energy shifts due to loops can raise or lower 
the overall mass scale. This is the major source of any apparent differences 


among the papers in the literature. 


3,7,18 18 


All groups are now agreed on the tree level technology. (CHP 
have gone further by including Coulomb interactions and part of the Coulomb 
contributions to the self energy). The phenomenological differences are that 
ref? implicitly assumed that the self-energies of TE and TM are the same. 


/ assume that 


The later work of refs’? 18 relaxed this constraint. CS 
1( 1440) is o* gluonic meson to fix the sum of TE and TM and let their ratio 
vary between 3 and 2. 

Today the possibility arises that even the loops may be within reach. Two 
independent groups '? have computed the self energy for a confined massless 
S-wave quark and agree that is some hundreds of MeV. When the analogous 
results for gluons are known, or at least the (TE) - (TM) differences, then 
much of the present uncertainty will disappear. 

If the (TE)- (1M) self energies are not too different from one another, 
the pattern of states in bag and lattice!’ are very similar. Everyone 
seems to agree that o** lies lowest (1.0 + 0.2 GeV typically in the bag, 

750 Mev + ? in the lattice). The 0° lies higher with 2** higher still. 
Various authors in desperation have suggested that 5" (980) may have 
Significant gluonic content. >? !6 Indeed the CERN axial field spectrometer 
group!“ find evidence for central = production in pp>pp +X - a process 


where the X may be expected to be produced by gluons. Yet there is no evidence 
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for S* in w—oyy, the "canonical" glue factory. 

A iGeV oF” may be a problem if you believe that y-,yx is a glue meson 
factory. One way out in bag models is to exploit the unknown TE Ty self 
energy ratio. CS fix the sum to fit 1(1440). We could pump up the TE at the 
expense of TM and so push the (TE)? 0° up (but go too far and the (TM)? Ge 
passes it coming down). The extreme is where two o** occur at about 1700 MeV, 
in which case there are two a** in the 2.2 - 2.4 GeV region. These latter 
would mix with the radial 3°P,(qq) states which should also be in this region 
and may help explain the $ data reported by Lindenbaum! ?. 

But this seems rather ugly. Everyone but the experimentalists seems to 
want a light ce glueball. Jaffe and Pennington@- have made an interesting 
observation. If the 0°* is around 600-700 MeV in mass, and has a width less 
than 5 MeV then it would have escaped detection in mm phase shifts. 

Moreover on a rising background it would generate a sudden dip rather 
than a spike. It is important to reexamine the mN-ynmN 3; b_yya0 | er 
and at LEAR to study Bp—ym7X with as fine a resolution as possible. The 
importance of establishing or refuting a light ave glueball cannot be over- 
stressed. And the » width is only 4 MeV, so it is not at all unreasonable 
that 0 © glueball could be order 5 MeV. We may simply be missing it for 
lack of resolve. 


3. HYBRID MESONS IN BAG MODELS 


During the last twelve months there has been a sudden growth in the 


4-7,21-29 


literature on hybrid hadrons - overall colour singlets where the 


quarks form a colour octet; the gluonic fields are also in an octet 


4,5 


representation and can be dynamically excited. In a bag model the 


simplest example consist of qq and a (TE) gluon: 


o-+ 

(qq) , x(G) , Boe gi aha 
eh, Le 1 1 

0 t) ] lta gn’ 


Ca 5- 


i this arises because the 
vector combination of qq can be in any of three helicity states (contrast 
the restriction to two for gluons and hence the absence of 17° GG). The 
phenomenological importance of hybrids is that a flavour nonet of 17* states 


Note the presence of the exotic gP “* here: 


would be a clear signature; gluonia nor qq would fit. As we shall see there 
are some other distinctive properties of qqG that may aid their identification. 
Although the new literature has been concerned with q=u,d,s (where the 
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confined perturbation theory techniques are applicable) the first papers” 

dealt with heavy quarks. As nice data are now emerging on T spectroscopy it is 
opportune to review the ccG and bbG. Hasenfratz et ae noted that an exotic 
17* would occur but did not discuss spin dependent splittings. The system's 
radius decreases with increasing quark mass, so the energy of a confined gluon 
in bbG (ie m(bbG)-m(bb))is greater than in ccG. But the distances to the 

heavy flavour production threshold is also greater in bb than cc. The result 
is that for heavy enough flavours QQGis below the heavy flavour continuum. 

This is illustrated in fig 1. 


a ly eel 
Lap pece a 10.5 WWW bbg 
: 6 t 
% 


3.0 


=¢€ 


9:9 i 
Detailed studies of the spin dependent energy shifts in Q0G have not yet been 
made. It is important to know whether these are expected below threshold; 
if so whether they can be detected in radiative transitions among bb states. 
For light quarks the detailed calculations of such energy shifts have 
been performed. Two independent groups?’ are agreed on the results, the 
Only remaining question is the magnitude of the gluon self energy and hence 
the overall mass scale. Thus the splitting pattern is settled though the 
precise masses are still unknown. The calculations of O(a.) splittings were 
done in Coulomb gauge. There is an important effect due to qq annihilation 
and instantaneously (Coulomb) reappearance. This shifts I=0 states up by 
about 100 MeV relative to their I=1, counterparts. This arises because 
qq E ge and is absent for conventional (qq) mesons. The "wg" is nearly 
degenerate with "Kg", not with "pg" (see fig 2). 
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This is a pattern which should be clearly noticeable in the spectrum (unless 
nature has been so unkind as to make it invisible by complicated mixing 
effects - even so we hope that some remnant of it will show through). 

Indeed, this pattern is already well known in the Ot: a3 n2K3 ni. 
| and also Donoghue and Haqqe? have effectively mixed the 
0°* (qq) with qqg and qualitatively“, or even quantitatively<-, described 
the n n'! masses as a result. Vector mesons receive no contribution from this 
Coulomb annihilation effect and, (empirically!) are ideally mixed. 

If confined perturbation theory is any guide, magnetic (TE) gluon modes are 
physical but electric (TM) tend to be dominated by nonphysical Coulomb qq 
annihilation/creation. Some of our 0Z1, ideal mixing and glueball production 
folklore might need to be revaluated. 


Maciel -Monaghan® 


In particular the folklore that "~—yyx is a good glueball factory" might 
not be true for negative parity X. The negative parity state is 


X # Gy Ge 3 X = G4(qq) 
ie negative parity hybrid states may be produced in V>yX. Note that the 


lightest hybrids (in bag models) are 0-* not Guus in contrast to glueballs. 


So here we have another compelling reason to determine whether we have missed 
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finding light 0** (2** 

If the TE and TM gluon self energies are similar then the 0.” qqG nonet 
masses will be (1300), K(1400), (1400) and n*(1700), these show a 
tantalising similarity to states in the particle data tables. The n(1400) 
should be produced in W—syy. Before identifying it with 1(1400) we should 
remember that the TE/TM self energies have been chosen such that 1(1400) 
is identified as 0” glueball’. The 1 and qqg may mix: the qqg state will 
decay to YV(V = aun something that GG will not do. (Claims that GG can 
have substantial radiative decays seem to exploit the large phase space 


) glueballs in data. 


available. However form factors will more than compensate for the large 
phase space. And intuitively, it is all wrong to claim that flavourless 
states couple to photons strongly: the largest radiative decay width 
involving quarks is w-4Ty - surely one cannot exceed that.) Thus it would 
be interesting to seek a radiative decay W-syy : X—syy where X is near to, 
but distinct from, the 1(1440). A ypsignal has been seen around 1.4 GeV. 
If this is a hybrid wG state, then a oG will yield yd around 1.7 GeV. Even 
if there is wG-oG mixing we expect two masses for the radiative signals as 
against one mass for a glueball. 


4 HYBRID MESONS : (NON-BAG) 


QCD sum rules have been applied to the 1”* sector through J = Ty, Gg 
Balitsky et Aiees claimed that this yields 1.3 GeV for the lightest 
iat hybrid resonance. The Louvain group“? obtain 1.65GeV. This is in line 
with the bag model above (for which the 0°* are around 1.4GeV). 

Lattice calculations by the Liverpool groupe? yield a rich hybrid 
spectroscopy. Their Beas states correspond to the lowest bag model states 
discussed above, and are predicted to lie between 0.5GeV to 1 GeV above the 
ground state qq as in the bag model. In particular the light quark qag 
should be in the vicinity of qq radials; the ccG and bbG near the second 
and third radials. This is as in bag models. 

The only model that has heavy hybrids is the string model of Isgur-Paton 
All gluonic hadrons are above 2 GeV (with the possible exception of Oat 
about 1.5GeV). 


5 HYBRID BARYONS 


; -2 
Analogous to mesons one forms hybrid baryons;-> 6 


(q?) @&)— (4°6) 
Ea 8 1 


~ 
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Antisymmetry among the quarks causes a 70 plet of flavour site for the 
ground state hybrids, and in a bag model (where G=TE with JP=1 a) this 70 plet 


has positive parity, and contains 


The superscripts denote the (2S+1) of the quark-content spins. The non- 
strange spectroscopy, including O(a, ) energy shifts, has been studied in refs 
23/24. There is a tantalising similarity between the model and states in the 
particle data tables (fig 3 taken from GHK, ref 24). However one can show 
that this is misleading, in particular the Roper a i Ce cannot dominantly 
be q 3G. The reason is that there is a selection rule Pee ve == 

: Yet the Roper 
is photoproduced from both p and n, so it is not (q?G)e*8. The mass scale 


(q°G) e*8 - reminiscent of Moorhouse's old quark model rule 


of hybrids must be higher than refe' supposed, which suggests that TE self 
energy is important (omitted in ref 24). A similar problem arises in ref 25 
where the AG singlet was studied. The O(a) shifts cause the to be low, 
near to the lightest non strange NG. The candidate state, A(1600), chosen 
in ref 25 is surely in 8, partnered by 2%(1660) and N(1440). 

The qqG and q?G relative mass scales are independent of TE self energy 
The absence of 0-*(qqG) low lying places a lower limit on q°G such that at 
most 4+ and maybe 


Zs 


2°NG will be below or near 2GeV. 
The radiative decays of the lightest qqG do not vanish, in contrast to q?G. 
Thus p—sy(qqG)—»4y(yr or yV) should be looked for. 
Detailed studies of production and decay channels have been made in ref 6,7. 


Early studies of mN width and electromagnetic interactions are being made2-2? | 


One possible way of isolating q°G could be in maken. Quark model states 
in “8 decouple from KA so it may be possible that a ao. hidden by *8 in 
Tp» 7p, could be revealed in mp—sKA. There are some tantalising signals 


here®® but one does not necessarily need to invoke q°G as the answer. 

In twelve months we have seen a-lot of wofk opening up this phenomenology . 
The first challenge is to make experimentalists aware of it. For theorists, 
I would like to see more "theory" - lattice studies and QCD sum rules. The 
bag is a useful guide but is only a model. But if its suggestions can be 
underwritten by other model/theory then it may need to be taken seriously. 


Indeed, I am encouraged by the first lattice results“?, and hope that more 
study will follow. 


M(GeV) 


M (GeV) 
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CHIRAL SYMMETRY AND THE BAG MODEL 


Anthony W. THOMAS 


Theoretical Physics Division, CERN 
1211 Geneva 23, Switzerland* 


We give a brief review of the connection between QCD and the more phenomeno- 
logical, chiral bag models, which have generated so much excitement recently. 
Some recent results from the cloudy bag model are then presented, together 
with a discussion of the evidence from deep-inelastic scattering which 
supports this choice. We close with a few comments on the relevance of these 
ideas in interpreting the EMC effect. 


anil 
. 


INTRODUCTION 
There is now an almost universal acceptance that quantum chromodynamics (QCD) 
is the theory of strong interactions, It is therefore the only truly fundamental 
starting point from which to develop a consistent theoretical description of nu- 
clear phenomena. Unfortunately it is too difficult to solve the QCD equations 
except in some limits. At high Q* it has been established (using the renorma- 
lization group) that QCD is “asymptotically free", That is, if we determine the 
strength of the quark-gluon coupling, a.(Q°), at some momentum scale Qos then 
a, (Q*) decreases logarithmically as Q* increases beyond Qo. Thus at high Q? 
(or small distances) quarks should behave essentially like free particles. This 
is the main reason for the success of the naive quark-parton model for deep in- 
elastic scattering (prs)! *2, 

Another limit where it is believed that we know something about QCD is in the 
infra-red - large separation. There the non-Abelian nature of QCD is supposed 
to lead to confinement of coloured objects. On a time scale of many years it is 
possible that brute-force numerical work on a space-time lattice may unambiguously 
yield the structure of the nucleon implied by QCD, However, even the most ardent 
lattice advocates do not foresee the day when one could calculate (e.g.) the pro- 
perties of finite nuclei in this way. For that we need phenomenological models. 
A great variety of such models exist, ranging from the non-relativistic quark 
models®, through variants of the kind proposed by Shuryak“, to the relativistic 
bag models°”’, 
Our discussions will concern only the recent generalizations of the MIT bag 


model, but it should be realized that this is largely a matter of taste, The 
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major advantages of the bag model are that it incorporates two key features of 
QCD, namely confinement and asymptotic freedom in a simple, phenomenological 
Lagrangian. As with essentially all other phenomenological models proposed by 
high energy theorists, the radius of the region within which the quarks are 
confined is of order 1 fm. This brings us to the question of what is meant by 
short-range nuclear physics. A very natural definition would be that inter- 
nucleon separation at which it is no longer sufficient to describe nucleon-nucleon 
scattering in terms of nucleons and pions alone. Within conventional nuclear 
theory the exchange of the massive w meson leads to a repulsive core at dis- 
tances of order 0.3 to 0.5 fm. Because of its large mass, the p meson does 
not contribute much beyond 1 fm, Nevertheless, there is tremendous model depen- 
dence in (for example) the calculation of short-range exchange currents because 
of the interplay between correlations and heavy meson exchange (0, p7, wT, 
etc.). (These ambiguities are even worse in calculations of electromagnetic 
processes because of the difficulty of imposing gauge invariance in the presence 
of ad hoc form factors at the meson-nucleon vertices.) Within this framework 
the no-man's-land of uncontrolled short-distance corrections is typically 0.3 to 
WoO) it. 

On the other hand, if one thinks of nucleons as composite bags of quarks with 
a radius of order 1 fm, it is clear that short-distance physics begins at 2 fm! 
Certainly at an inter-nucleon separation of 1 fm nuclear phenomena should deeply 
involve quark degrees of freedom, Rather than being more complicated than the 
conventional meson exchange picture, because of the property of asymptotic free- 
dom, there is reason to hope that calculations at the quark level might prove 
simpler and less ambiguous. 

With these long-term aims in mind we now turn to the most recent extensions 
of the bag model, which have centered on incorporating a third fundamental pro- 
perty of QCD - namely chiral symmetry. 


2, CHIRAL BAG MODELS 

It is firmly established empirically® that the masses of the u and d quarks 
are very small (less than about 10 MeV) compared with the typical hadronic energy 
scale, Thus to a good approximation the strong interactions should preserve 
chiral symmetry, Simply put, this implies that the equations of motion should be 
invariant under separate SU(2) transformations for left- and right-handed par- 
ticles /i.e., under SU(2), xSU(2)p ‘|. Unfortunately, the MIT bag model necessa- 
rily violates this third fundamental property of qco?, The reason, illustrated 


in Fig, 1, is simply that the very act of confining the quarks mixes the left- 
handed and right-handed sectors, 
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Wall Wall 
Incident (Helicity +1) Reflected (Helicity -|) 
FIGURE 1 


Illustration of the intrinsic violation 
of chiral symmetry in the MIT bag model 


A possible solution to this problem is suggested by the following general 
consideration 9, The Goldstone theorem tells us that if SU(2)) xSU(2)p is an 
exact symmetry, either all the particles occurring in nature come with deqene- 
rate, negative parity partners or the symmetry must be realized in the Goldstone 
mode, There are very good reasons for believing that the pion, with its remark- 
ably low mass, is very close to being a Goldstone boson. Unfortunately, one of 
the mysteries of QCD is that we do not yet understand the dynamical mechanism 
whereby this collective qq state appears. Certainly the one-gluon exchange is 
extremely strong in the pion channel - without it the o and w would be dege- 
nerate at v 650 MeV in the MIT model, and in first order, one-gluon exchange 
lowers the pion mass to some 280 MeV, Several groups have been led by this to 
suggest that iterated gluon exchange could be the mechanism for dynamical symme- 
try breaking! !, Others have shown that instanton effects can produce a strong 
attraction in the pion channel !22!3, Whatever the mechanism for producing the 
pion, all of the recent extensions of the MIT bag model which restore chiral 
symmetry, do so (by analogy with the work of Gell-Mann and Levy!*) by coupling 
an elementary pion field to the confined quarks !49 19, Of course, this does not 
mean that we expect to see pointlike, pseudoscalar objects in deep inelastic 
lepton-nucleon scattering o>!” Instead, we are constructing a phenomenological 
model meant to be applied at momentum transfers low compared with the internal 
structure of the pion, There are many examples in physics where the introduction 
of such collective pairing effects are essential in order to describe observed 
phenomena. 

Whereas these very general arguments tell us that pions are intimately involved 
in the restoration of chiral symmetry, it is unfortunate that QCD gives little 
practical guidance in constructing phenomenological models. (For a much more de- 
tailed discussion, see Ref. 17.) There is therefore room for quite different 
phenomenology and hence considerable controversy. In the absence of any higher 
authority the ultimate test of which model is best must be a comparison with as 
much experiniental data as possible. 

Essentially all of the chiral bag model calculations performed so far corres- 


; 14 
pond to one of two main working hypotheses, the little bag model (LBM) ~ or the 
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cloudy bag model ccpm)O> 15, In the latter it is assumed that hadron sizes are 
determined by non-perturbative QCD effects which are not significantly altered 
by pionic corrections. Then it makes sense to calculate pionic corrections as 

a small perturbation about the MIT bag model solutions, In the former, on the 
other hand, the pionic effects are supposed to be intimately linked with the 
process of confinement, compressing the bag to perhaps one tenth the volume of 
the MIT model. In this way, one would of course revive the conventional nuclear 
physics picture of essentially pointlike nucleons exchanging heavy mesons. 

A second difference between the models, which has recently faded to insigni- 
ficance!® was the original insistence in the LBM on excluding the pion from the 
interior of the bag - a strict two-phase model. In the CBM, this was not the 
case. The pion was allowed throughout all space for two reasons. Firstly, the 
theoretical case for a strict two-phase picture is by no means universally 
accepted, and secondly the exclusion of the pion field destroys one of the major 
successes of the MIT bag model, namely the quite accurate prediction for the 


axial charge of the nucleon !?, In the CBM this correct prediction is preserved 


in a very simple and natural way? 9, 

Since the mathematical details of the pion coupling to confined quarks in 
both models have been described in great detail elsewheree? > we shall not repeat 
that material here. Instead, in the next section we review a few of the more 
recent results obtained in the CBM, Only then shall we discuss the recent test 


of these models using DIS, which strongly supports the CBM, 


3, RECENT RESULTS IN THE CLOUDY BAG MODEL 

A fairly recent summary of results from the CBM can be found in Refs. 6 and 17. 
It is not unreasonable to say that in every case where pionic corrections have 
been computed the agreement with experiment is as good as, and usually better 
than, the original MIT bag model. Of course, the major underlying defect of the 
bag, namely the spurious centre-of-mass motion, is not solved by adding pionic 
corrections, Thus for magnetic moments, and particularly for the charge radii, 
there are corrections at the level of 10% or so, upon whose Sign there is no 
general agreement. It remains to be seen whether a thorough theoretical analysis 
can lead to a generally acceptable correction procedure, or whether what we really 
need is a better relativistic model of confinement. For the present, agreement 
of any bag model calculation at a level better than (5-10)% must be regarded as 
random, At that level, however, its success is still striking. 

Because of the fact that the CBM results have been reviewed elsewhere, we 


shall only discuss those cases where there has been a Significant new 
development, 
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3.1. The = magnetic moment 

This is of particular interest for the chiral bag models because of the so- 
called Pilkuhn-Eeg effect@!, That is, the pionic correction for the x is 
twice as big as one might naively expect, because as well as the process 
E+ 2°n, one has also £7 + An. In the CBM, using the same bag parameters 
as the MIT bag model, we find w(z ) = -1.08 ect This answer is quite insen- 


23° 


sitive to the actual strange quark mass or bag radius (For comparison the 


corresponding value without pionic corrections is about -0.81 Uy ) On the 
other hand the LBM prediction is of the order -0,58 Uy ea 

Until recently, the experimental situation was unclear, with older atomic 
physics measurements giving -1.41+0.27 Uns and a £ beam measurement giving 
-0,89+0,14 Uy. The new generation of E atom measurements made by the William 
and Mary group have made an order of magnitude improvement in this. Indeed, the 
accuracy of the most recent value of u(2 ) eo namely -1,09+0.03 Uys is too 
good for the present theory! Nevertheless, the confirmation of the CBM predic- 
tion is very welcome. 

3.2. The axial form factor of the nucleon 

For reasons explained in detail in Ref. 6, in the CBM only the quarks contri- 
bute to the axial (as opposed to the induced pseudoscalar) current of the bag, 
Thus, unlike the electromagnetic properties for which there are pionic contribu- 
tions, the axial form factor is a direct measure of the quark distribution in the 
nucleon, At present the data on 9n (4°) come from two sources, the reaction 
yy, +n-+w +p and pion electroproduction - see, e.g., Ref. 26. It is usually 


represented as a dipole 
Grigalpadletcac/maye>, (3.1) 


with my = 0.95+0.14 GeV, 
If we calculate gq (9°) for the CBM we find this corresponds to a bag radius 
= WU, GH0,20) tin Ue Clearly there should be corrections to this value arising 
from centre-of-mass and recoil effects, but as a first estimate this strongly 
suggests a bag size similar to that expected in the original MIT bag model, 
Guichon et ae also investigated gy (9°) in the hybrid model of Chin and 
Miller and Vento, where the pion is excluded from a region r < Roh inside the 
bag [i.e., E= RR eE (0,1)]. For §& #0 the pion also contributes to 
gy (q°)- However, as shown in Ref, 27, the slope of gn (9°) changes by less than 
10% over the whole range of values of &. Thus the result R = 1.16+0,20 fm is 


a general result for all chiral bag models. 
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Finally we note that we can also calculate the mNN form factor in the hybrid 
model. If we parametrize gy (4°) as [T-q?r5/6] and Down) as [1-q*r7 7/6]; 
then for all values of &, orem That is, the mNN form factor in all chiral 
bag models is softer than gn (4°) In the CBM, where & = 0, dud) would 
correspond to a dipole of mass 0.90+0.14 GeV (r,/r_~0.9), which is very soft, 
For & in the range 0.0 to 0.8 this hardly changes, but in the range 0,8 to 1/20 
Dann6d ) becomes rapidly softer, with Navies dropping to 0.65 and the corres- 
ponding dipole mass to about 0.76 GeV. 

Clearly it would be very valuable to have more precise data for gq (4°). 
Nevertheless, even at the present accuracy, we regard the arguments which we have 
just reviewed as the most direct indication (apart from the discussion of DIS in 
Section 4) that the nucleon bag is of the order of 1 fm in radius. 

Boe NEXOUIG Staves 

One of the more exciting possibilities raised by the MIT bag model was that 
there might be stable, exotic states. For example, it was suggested that the 
so-called H dibaryon (a A-A state) might be bound by (50-80) mev28, 
view of the relatively large self-energy corrections associated with pions for 


In 


single hadrons, it 1s reasonable to ask how those corrections affect the masses 
of exotic states, 

In order to check this in a scheme consistent with the philosophy of the CBM, 
Mulders and Thomas refitted the usual hadron spectrum with the phenomenological 


form’? 


E(R) = EQ + EY + Ey a ED (S22) 
Here Eq: EY and Ey are respectively the standard kinetic energy, volume 
and colour magnetic contributions to the bag energy. The last term EO WS. Gl 
phenomenological representation of the pion self-energy which has the form 


Gee GPG aie) (3) 
The spin-isospin structure corresponds to keeping only the lowest orbital in the 
intermediate state, and treating all such states as degenerate, Finally, p is 
a phenomenological constant. 

There were several notable features associated with the best fit parameter, 
The rather large value of the colour coupling constant Qe in the bag model was 
reduced by some 35%, which is a step in the right direction, The strange quark 
mass also came down to 218 MeV (from 279 MeV) - a little closer to the usual 
current algebra value of 150 MeV, Lastly, we observe that, although treated as 
an adjustable parameter, the value of p agreed very well with that calculated 
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for a nucleon in the chiral bag models, 

For the non-strange, B = 2, exotic bag states, the pionic corrections had 
little effect. In *S. and 7 the bag masses were 2.18 and 2.24 GeV res- 
pectively (cf. 2,16 and 2.23 in the original MIT bag mode128»30) 
lie well above the appropriate thresholds they will be quite broad, and should 
not have dramatic experimental consequences. 


. Since these 


On the other hand, for the doubly strange H dibaryon the change is dramatic. 
The combination of decreased colour attraction (smaller Ge)» and the R-° de- 
pendence of the pionic self-energy result in a larger mass for the H - 2.22 
instead of 2,15 GeV. From this, Mulders and Thomas conclude that the H is 
almost certainly unbound, and thus it is no mystery that experimental searches 
have failed to find it. In conclusion, we must remark that this matter is not 
yet completely closed, as Kerbikov’| has recently claimed that the coupling of 
the six quark bag to hadronic channels could lower the mass again. This deserves 
further study. 

3.4, Pion photoproduction 

The initial motivation for, and the first success of, the CBM was to recon- 
cile?? the two orthogonal views of the A(1232) which existed side by side - 
namely the Chew-Wick and the quark models, Next it was established that the CBM 


32508) Given these suc- 


also reproduced s wave mN scattering at low energy 
cesses with the elastic channel it is natural to ask whether the model is also 
able to reproduce existing pion photoproduction data. This is of particular 
interest because of the claims in the LBM of a very large d wave component in 
the small nucleon bag which could lead to a sizeable £2 amplitude?”, 

As shown by Kalbermann and Eisenberg?® the CBM does indeed provide a "consis- 
tent and reasonable" picture of the M1 photoproduction amplitude in the A(1232) 
energy region, The same calculation yields a ratio of E2/Ml amplitudes of 
-0.9% of which only a fifth comes from the d state admixture in the A, Most 
importantly this rather small result is quite consistent with existing experi- 
mental data, which could of course be profitably improved, 

3.5. Other developments 

While the coupling of the pion to the bag is uniquely determined up to order 
o* in Refs. 33 and 34, the terms of next order can be altered by redefinitions 
of the physical pion Field??? , The «aN > mmN reaction near threshold provides 
an interesting testing ground for alternative versions of the CBM which differ 
at that order. For an initial discussion of this problem, which indicates that 
Weinberg's choice?’ for the pion field may be preferable at order o?, we refer 
to the recent discussion of Kalbermann and Eisenberg=°. 

Another very exciting development, based on the Thomas formulation of the 


cams, is the work of Miller and Singer?’. Whereas the CBM was initially applied 
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to baryon properties, they have been able to successfully derive (e.g.) the 


wot, emt, K*Kn and K*K*mt coupling constants. 


A more recent extension to ra- 


diative decays of the vector mesons also seems to agree very well with existing 


dae. 


There are a number of other interesting developnients related to the CBM which 


we simply do not have space to describe here. 


review by Miller for details” 


A, N WEST USING IBIS 
The phenomenon of Bjorken scaling in 
from nucleons was discovered at SLAC in 


Instead we refer to the recent 


deep inelastic scattering (DIS) of leptons 


the late 60's, We now understand fairly 


well why scaling violations must occur if QCD is the theory of the strong inter- 


actions, and these violations have been 
the property of asymptotic freedom also 


works so well over a large range of Q?. 


to use this language. For a relatively 


sent knowledge of the nucleon structure 


studied systematically”? Nevertheless 
explains why the naive quark-parton model 

For our purposes it will be sufficient 
simple and up-to-date review of the pre- 


function, and its interpretation in the 


naive quark-parton model we refer to Ref. 17. 


In order to relate what is known about DIS to chiral bag models we begin with 


the observation by Sullivan that there is a contribution to the nucleon structure 


function arising from the process shown in Fig. pte This contribution can be 


written as 


v 
oe 
TY (a) 
i 
le 
9 Fah) 
N N 
FIGURE 2 


The contribution of the pion 
to the structure function of the nucleon 
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Se ey ONeeRer Dy (4.1) 


where Fon is the pion structure function and f(y) is the momentum distribution 
of the pion in an infinite momentum frame. (For the present purposes we can omit 
the Q? dependence of SFy and F 

The physical interpretation of Eq. (4.1) is that we sum over all y _ the pro- 


duct of the probability T f(y) of finding a pion carrying a fraction y of 
the momentum of the nucleon, with the probability LF 5,(x/y) J of finding a 
quark in the pion with a fraction x of the nucleon's momentum. Since Fo (&) 
has been measured by the NA3 collaboration at CERN in the Drell-Yan process’ ; 
all we need is f(y). This is very easily calculated in terms of the mNN cou- 
pling constant g, and the NN vertex function F(t)- with t = q? - q% = 
minus the four-momentum transfer. For simplicity, we take a simple exponential 
Rare PGE) 


F(t) = exp[ -a(t + m-)/m | (402) 


and seek to put some bounds on A. However, we should point out that in the CBM 
the form factor is very well approximated by Eq. (4.2) if 2A = 0.106 mR? with 


R the bag radiuso?2>, The final expression for f(y) is 
2 ae 2 
Apne la Ty dt t (E(t) (4.3) 
1672 muy Ge St mee 
T 
ay 


A straightforward numerical calculation of Eq. (4.3) reveals two essential 
features. First, f(y) peaks at about 0.25 for any reasonable value of A, 
Second the maximum value of f(y) increases rapidly as 2 decreases. Returning 
to Eq. (4.1) we see that the pion structure function is evaluated at x/y. As 
usual we expect that the valence component of the pion should dominate for 
x/y > 0.1. Since y is typically 0.25, this implies that the pionic contribu- 
tion to the nucleon structure function for x > 0.03 involves only non-strange 
quarks. Thus, if the pion is an important component of nucleon structure, it 
should contribute to breaking the SU(3) flavour symmetry [SU(3)- |] of the 
sea, Of course, it is generally expected that SU(3)¢ will be broken because 
of the larger strange quark mass, and it would be unreasonable to attribute the 
entire excess of non-strange sea quarks to the pion, Nevertheless, it seems 
quite reasonable to use any evidence for SU(3)_ breaking to impose a limit on 
the pionic contribution to the nucleon structure function, 
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Integrating Eq. (4.1) over x, we find that 
1 u = [Pp pit ell Sh ie fe = 
vee FoyOxdx = [ I Fab) de ] oe chown ata Ue (4,4) 


Using the Drell-Yan data for the pion structure function we find the first inte- 
gral on the right of Eq. (4.4) is 0.015+0.004. From the physical interpretation 
of f(y), the second integral - which we denote Sea is the average fraction 
of the momentum of the nucleon carried by pions. Clearly if we use the observed 
excess of non-strange over strange quarks !/*44 to give an upper bound on the 
value of the left-hand side of Eq. (4.4), we obtain an upper bound on ae 166 
Modulo some discussion of nuclear corrections to the experimental value of 
S/(U+D) a which was obtained in Fe, we find DP pe Beall soyae 

In Fig. 3, we show the average fraction of the momentum of the nucleon carried 


by pions, S743 88-4 function of the cut-off parameter 2, at the NN vertex. 
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FIGURE 3 
The average fraction of the nucleon's momentum 
carried by the pions as a function of A (or bag 
radius R). The shaded area represents the bound 
obtained in Ref. 16 
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Clearly our bound is a very strong constraint on that parameter, It is not pos- 
sible to accept a value of ) smaller than O7080 as 
the CBM radius corresponding to each value of A, The lower bound on the bag 

radius in the CBM is R = 0,8740.10 fm. Of course, there are many defects in the 


static bag model, and one cannot insist too strongly on an absolute value of R, 


We also show in Fig. 3 


One expects the bag to have some surface thickness, and this together with 
centre-of-mass and recoil corrections could change the simple relationship be- 
tween R and X, Nevertheless, we expect this upper bound to be a good indica- 
tion of the size of the region within which quarks are confined in the nucleon. 
The concept of a little bag with a size of order (0.3-0.5) fm is definitely 
excluded, 

For a nuclear audience, it is worthwhile to put this result in perspective. 
From the measurements ot Fe we know that the valence quarks carry some 36% of 
the momentum of the nucleon, while the whole sea carries about 10%. Our bound 
says very simply that the pionic contribution should not be more than about 20% 
of the sea. (The quarks carry about 40% of the pion's momentum, and 0,40x0.05/ 
/0.10 = 0,20.) Even this may seem quite large to a number of high energy 
physicists} 

In conclusion we note one corollary to this discussion, which may turn out to 
be more important. The study of the evolution of structure functions is quite an 
industry at present. Within experimental errors this evolution is consistent 
with the Altarelli-Parisi equations !?4°, However, the evolution of the sea is 
inextricably linked to the unmeasurable gluon momentum distribution, and one must 
solve for these self-consistently”>. From the earlier discussion of Fig. 2 we 
know that it is the valence distribution in the pion which is mainly responsible 
for the pionic contribution to the nucleon sea. The former should decrease as 
Q? goes up, whereas the latter is known to increase, We intend to investigate 
the consequences of this intriguing observation in the next few months, 


Sq Unie ING lar REGt 

In the earty part of this lecture we gave as one of the major motivations for 
the development of the CBM that it might lead us to a somewhat deeper under- 
standing of the nuclear many-body problem, Indeed a rather natural picture which 
one might consider involves a collection of relatively large nucleons (R ~ 0.8- 
1.0 fm) moving independently some of the time, but also merging and fissioning. 
Thus at any given instant there will be a non-negligible probability of finding 
a given quark in a six-quark rather than a three-quark bag, It is therefore 
quite gratifying that recent data from the European Muon Collaboration (emc)*6 
has revealed a dramatic difference in the effective structure function of a nu- 
cleon in Fe compared with that in D. (Throughout the rest of this discussion, 
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we shall not distinguish between the structure function of a free-nucleon and 
that of a nucleon in deuterium - because of the latter's low density.) i 

Essentially the EMC data, which has been partially confirmed at stac’’ , shows 
a softening of the structure function in Fe. For x <0.l, Fenix) is enhanced 
by about 15%, while at x ~ 0.6, it is depressed by the same amount. Eventually 
at large x fermi motion takes over and the ratio rises above one, 

Late last year, it was suggested by Llewellyn smith '®, on the basis of Eq. 
(4.1), that an increase in the number of pions per nucleon in Fe could explain 
the enhancement at small x. To see this we evaluate Eq. (4.1) at x = 0, with 


the result 


Foul) =f” f(y) dy. (5.1) 
on 69) 

Here 6f(y) is the change in the distribution of pions (per nucleon) in Fe 
compared with a free (isoscalar) nucleon, Thus, the right-hand side of Eq. (5.1) 
is the extra number of pions per nucleon in Fe, and in order to explain the 
extrapolated experimental value at x =0 of 0.18+0.07, one would need between 
6 and 14 extra pions in Fe, 

Having said this we should immediately add a caution about interpreting this 
extra number of pions too literally”. Equation (4.1) is meaningless if one goes 
too near x = 0, firstly because of shadowing, but also because additional pro- 
cesses where a nucleon turns into a pion and a baryon resonance should be consi- 
dered inside x ~ 0.05 42 Thus, while the argument of Llewellyn Smith was very 
important in motivating further work, the only reasonable way to use the EMC data 
is to calculate OF oy (X) using a model of the nuclear response to a pionic exci- 
tation?” and compare directly with the data for x > 0.05. Of course if a fit is 
found one could a posteriori calculate the number of extra pions. Even then this 
"number" is defined in an infinite momentum frame te? 48390 and does not correspond 
to the simple expectation value of the number operator in the rest frame???) | 

Explicit calculation with Eq, (4.3) reveals that the most important contribu- 
tion comes from pions with a three-momentum, lal, of order 300 to 400 MeV/c 
and low energy (wv -|q|?/2my). This region has been of tremendous interest in 
medium energy physics for the past decade in connection with possible pion con- 
densation®@7>*, The mechanism for this enhancement of the pion field is shown 
in Figs. 4b and 4c. If iterated in RPA these processes would lead to pion 
condensation at nuclear matter density if it were not for a short-range repulsive 
interaction which is conventionally parametrized as the Landau-Migdal parameter 
g' - shown in Figs. 4d and 4e, 
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FIGURE 4 
Illustration of (a) the basic pion contribution to the nucleon structure 
function (the y*n vertex involves the structure function of the pion 
itself); (b) and(c) other coherent processes invo]ving pion rescattering 
in the nucleus which lead to enhancement for |q| ~ 300-400 MeV/c; (d) 
and (e) the phenomenological short-range repulsion PC OU Cela is the enhan- 
cement arising from (b) and (c) - from Ericson and Thomas» 


Our intention is not to pursue the justification of the Landau-Migdal force, 
or to discuss its consequences in the famous suppression of Gamow-Teller 
strength?<??’, We merely note that as shown by Ericson and Thomas °° it is pos- 
sible to generalize Eq. (4.1) to the nuclear case by introducing the nuclear 
Spin-isospin response function. Then, within the conventional RPA with g'~0O./7, 
we obtain the solid curve of Fig. 5. Clearly, the shape and magnitude of the 
enhancement of the sea is reproduced, In view of the controversy over the micro- 
scopic calculation of Ona? we point out that any value of this parameter signi- 
ficantly less than 0.7 would give an enhancement that was far too big, 

Obviously the model which we have described says nothing directly about the 
decrease in the structure function of fe in the valence region (x ~ 0.6). On 
the simple grounds of momentum conservation, if the momentum carried by pions 
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The fractional increase in the ratio of the structure function in Fe 
compared with D, as a function of x (= Q?/2myv), caused by the multi- 
nucleon pion emission graphs of Figs. 4b-e. The data are from the EMC 
collaboration, and the shaded area indicates possible systematic errors. 
The standard input (solid curve) for Fe is kp = 1.30 fm™*, g\y = 9nq = 
= 9,, = 0.7, a bag radius of 0.7) fm in Fig?) - and (Rte ie is a dipole 
of mass 1.67 GeV. We show in the other curves the effect of altering any 
single one of these parameters - taken from Ericson and Thomas 


goes up, something else must lose momentum. Simple estimates of this effect 
have been made by several groups - either by lowering the average momentum per 
nucleon’®, or by a naive calculation of the photon coupling to the nucleon 
instead of the pion in Fig. 349493. Both methods qive similar results, depres- 
sing the structure function at x ~ 0.6 in agreement with the data, but also 
lowering it at x ~ 0.2, thereby worsening the fit there. 

In Ref, 50, we decided to calculate only the processes shown in Fig. 4, for 
the following reasons, These terms are gauge invariant by themselves. They re- 
present the modification of the longest range part of the structure of the 


nucleon, Calculating all of the couplings of the photon to the baryons in Fig. 4 
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would hopelessly complicated, Finally a mechanism for balancing a large part of 
the momentum taken by pions had already been suggested by Jaffe>®, Since that 
mechanism matches perfectly with the picture of the nucleus which we have advo- 
cated as a consequence of the CBM, we prefer to pursue that first. Only after it 
has been calculated, if there is still some small momentum imbalance, would we 
resort to purely phenomenological corrections. 

Although Jaffe's suggestion was based on the MIT bag model the result is more 
De) All one needs is that there is a significant probability of find- 
ing a given quark in a six-quark rather than a three-quark bag. The Drell-Yan- 
West relation! *¢ then tells us that the structure function of a six-quark state 
must behave as (1-x/2)°, while that of a three-quark bag goes as (l-x)?. It 
is then trivial to show that 


general 


Pe meak ah Mec X/2)° 
we See (5.2) 
Fo 3q'*) (Clin=aex) 

has a minimum at x = 0,5 - exactly as in the data, 


Clearly the essential qualitative features of the data can be understood. 
The real difficulty is to make the analysis quantitative. For example, even the 
fermi motion corrections seem to be fairly model-dependent. A program of experi- 
ments to map out the dependence of this effect on atomic number has just been 
completed at SLAC, and we eagerly await the results, This information, together 
with a measurement of whether the enhancement of the sea is SU(3) symmetric or 
not, should distinguish between most of the numerous theoretical models which 
have appeared in the last few months 12-5 !»5658,59 

While it will be some time before the EMC effect is fully understood, we should 
take some pleasure in what has been achieved, It is quite conceivable that we are 
seeing confirmation of a new and deeper understanding of the structure of the nu- 
cleus than we have ever had before. Through phenomenological models of hadron 
structure, like the CBM, we may at last be near to a unified theoretical descrip- 


tion of nuclear and particle physics. 
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Following two topics on the scattering problem with confining interaction 
will be discussed. a) Nucleon-nucleon scattering based on the quark 
cluster model with two-body confinement. b) A new type of confining 
interaction and its application to simple scattering systems. 


1. INTRODUCTION 

Description of low energy hadron-hadron interaction based on the quark model 
is one of the challenging problems in the recent development of the strong 
interaction physics. Although the Monte-Carlo Shcmieye ion based on the lattice 
gauge theory of the quantum chromodynamics (QCD) seems to give qualitative 
explanation of the ground state properties of an isolated hadron, it has not 
yet attained the stage of calculating the excited spectra of hadrons and is far 


z3° have 


from being able to treat multi-hadron systems. Several models 
therefore been proposed to describe the low energy strong interaction phenomena. 
They can be classified into two groups according to their descriptions of con- 
finement. One is the bag models which describes the confinement either by 
boundary conditions (MIT bag, chiral bag, cloudy bag) or by an additional field 
(soliton bag). The other is the potential Rete in which the confinement is 
described by an interaction between quarks. Both have been reasonably success— 
ful in explaining the ground state properties and the excited spectra of hadrons 


o's 


and there have been many attempts to apply them to the low energy hadron- 


hadron interaction. 

In this talk, I will discuss two topics on hadron-hadron scattering based on 
the potential model. The first one concerns with the short range part of 
baryon-baryon interaction in the quark cluster model with a two-body potential 
for confinement, end is mainly based on the ee with M. Oka. A problem 
related to the long range color Van der Waals as! in the case of two-body 
confining potential is also briefly discussed. The second is based on the 
work’ with F. Lenz, T. Londergan, E. Moniz, R. Rosenfelder and M. Stingl. 

A new type of confining interaction, which is free from the Van der Waals 
problem, is proposed and applied to simple scattering system. 

General discussions on the non-relativistic quark model are given in section 


2. The short range part of the baryon-baryon interaction is discussed in 
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section 3 and the new type of confining interaction is discussed in section 4. 


2. NON-RELATIVISTIC QUARK MODEL 

2.1. Excuses for the non-relativistic kinematics 

It is well known that the bare (or current) masses of the u- and d-quarks, 
which are relevant for non-strange hadrons, are of the order of several MeV. 
On the other hand, the renormalized (or constituent) masses are usually said 
to be around 300 MeV and this has been the basis of using non-relativistic 
kinematics as the zeroth order approximation. In fact, there is no clear way 
of defining the constituent mass since a quark cannot be isolated. The mass, 
the form of kinetic energy and the interaction can only be tested by comparing 
their predictions with the experiments. In that sense, the non-relativistic 
moder has been quite successful in describing the observed baryon and meson 
spectra. A favorable feature of the non-relativistic kinematics is the clear 
separation of the center-of-mass variables from the internal variables, which 
is very important in the scattering problems. For heavy quarks, such as c- 
and b-quarks, the non-relativistic treatment is certainly considered to be a 
good approximation. 

2.2. Wave function for a single hadron 


A meson consists of a quark and an anti-quark and the wave function is given 


by 
Pol) ste a)ss (eee 
Gls DiGi )S (ean Ee (iy. My) (1) 
where Ong? Su and C are the orbital, spin-flavour and color parts, respectively. 


C is the unique color singlet state while Ou and Sur depend on the meson, M. 


A baryon consists of three quarks and has a wave function of the form 


C2) 8) ASG yeaa, eae CC 5 en, ene 


2; 
where C is the totally anti-symmetric color singlet state while the orbital 
(>) and spin-flavour (S,) parts are to be combined to form a totally symmetric 
state. For non-strange baryons, the lowest orbital state is considered to be 
totally symmetric and, combined with the totally symmetric spin-isospin Paes 
abyss tela mksiellexer Eyal N=alse le, aly WS = i/o a = iy) ame INES S 3/2. 
T = 3/2). The excited orbital states may have other symmetries (mixed or 
totally anti-symmetric) and the corresponding spin-isospin part Sp is to have 
the same symmetry. 

2.3. Wave function for two hadrons 

A two-meson system consisting of two quarks and two anti-quarks is described 


by a wave function of the form 
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le Se ees T)w.! Diy eel (ame) 
( Meee Ae gs hy (25) Bixee (ere os) (3) 
M,M 7 
where Xv describes the relative motion between the two mesons, M and M and 


A is the anti-symmetrizer for quarks and anti-quarks. One can show that any 
state for a color singlet two-quark-two-anti-quark system is given by a wave 
function of the form (3) although the corresponding Xm’ May not be unique. 
The Schrodinger equation for such a system, therefore, takes the form of a 
coupled integral equation for Xu" * 

A two-baryon system consisting of six quarks is described by a wave function 


of the form 


Berea 6) oe) ALG, 2, 3)0, 4, 5. 6) o 1 


' 
B,B 
where A is the anti-symmetrizer for quarks. One can again show that any state 


oe 156) 


for a color singlet six-quark system is given by a wave function of the form 


(4), and the Schrodinger equation is expressed as a coupled equation for Xpat 


3. SHORT RANGE PART OF BARYON-BARYON INTERACTION 
3.1. Hamiltonian with two-body confinement 


The hamiltonian in the non-relativistic quark model is usually taken as 


2 
= V eed geet (5) 
re gee eta aa, 
a oe CONF 
where the two-body interaction consists of the confinement term Was and the 
OGE . J 
one-gluon-exchange term ee 5 oc 
Hee etna (6) 
1J 1J 1j 
The confinement term is assumed to be linear, i.e. 
ee CO Wer are (7) 
1J ed 1 
while the one-gluon-exchange term is given by 
OGE ve ek 1 2 > 
= "A, [—— - SC S+ F(0.°9.))d@.. 8 
ie poe weenie Less (8) 


where the tensor and the velocity dependent terms have been omitted. 
3.2. The resonating group method (RGM) 


The wave function (4) can be rewritten as 


¥(1, 2, °**, 6) = J A [g(1233456)Xg(Fq5. 456)! (9) 
B > 


where 8 stands for (B, B') combined to give a definite total spin and isospin 


state, 1.e. 


Vg (1235456) = [W,, (123), 1 (456) 1, (10) 
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The Schrodinger equation for Y then takes the form 


> > >I > > >t 
j jae Nogt(x> om ge Hoa! (rs r Xa" ) =0 (11) 
where the overlap kernel Nag! and the hamiltonian kernel Hag" are defined by 
> > 1 
Nagi (x, 15 ) » LE age 123:456)8(r s 4 ) 
eee | SSS CERES eT Serer 
NagiGey te) H 
BB 
x A [W,(123:456)6@ - 3 ] (12) 
Ye Ce 


Eq. (11) is nothing but the coupled RGM equation and is exact if the sum over 
8 is not restricted. In practice, the sum must be truncated and, in the case 
of two-body confinement (eq. (7)), reasonable results can be obtained only if 
the sum is truncated, as will be discussed later in connection with the color 
Van der Waals force. 

Seo RESUS 

In the actual Caleuiacionas: 8 is restricted to the lowest orbital clusters, 
i.e. NN, NA and AA. The orbital wave function by is taken to be Gaussian with 
the size parameter b. The results for the S-wave baryon-baryon scattering are 
summarized in Table 1. In most cases, the phase shift behaves like that of a 
hard core scattering. Large hard core radii (x, = 0.7 - 0.8 fm) are obtained 
in the cases where the Os state for Xg is forbidden by the Pauli principle. 
The situation is similar to the case of a-a eeatteriaa where the Pauli 
principle gives rise to the hard core like behaviour in the phase shifts. 
Relatively small hard core radii (r, = 0.4 ~ 0.5 fm) are obtained in other 
cases including the most interesting cases of NN scattering and the strong 
repulsion arises as a combined effect of the color magnetic interaction and 


Table 1. Summary of the S-wave baryon-baryon scattering 


interaction 


BB! Shouse 
NN, AA i, @ core like QO. 
NN, AA @® i " De 0.41 fm 
NA AA Dae " Re 0.44 fm 
NA AA i 2 " rae 0.48 fm 
NA Lar " ae 0.74 fm 
NA ee 9) " Ute Oat sei 
AA Sh " Pas OS 7m dam 
AA De 3 " ee he 0.78 fm 
AA a 10) attractive 
AA (a) $} weakly repulsive 


The parameters used in the calculation are, m = 300 MeV, 
b= 0.6 fm, a, = 1.39, a = 141 Mev fm 
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the Pauli principle. Unlike the usual vector meson exchange model, the repul- 
sion is not universal and there are cases where the interaction is weakly repul- 
sive or even attractive. These features of baryon-baryon interaction can be in 
principle tested against the experiments by the detailed studies of di-baryon 
systems. 

3.4. Color Van der Waals force 

The two-body confinement represented by eq. (7) is known to have a problem 
of color Van der Waals force. For a large separation of two baryons, the 
virtual excitations of color octet dipole states in both clusters gives rise 
to a long range attractive interaction with the behaviour ee In general, the 
two-body confinement of the form fen gives the color Van der Waals interaction 
with the behaviour Ae Although mre is no immediate experimental evidence 
against sucha force in the case of weak confinement (n - 0), the universal long 
range attraction between hadrons is generally considered to be an unfavourable 
feature of the two-body confinement. 

The problem did not appear in the previous calculation because the sum over 
B in eq. (9) was truncated. In fact, the configuration of well separated two 
color octet dipole states can only be expressed as a sum of highly excited 
orbital states for 8. The truncation thus provides an automatic screening of 
the Van der Waals force, and one may argue that the hamiltonian (5) can only be 
used in such a restricted space. This is certainly unsatisfactory unless a 
reasoning and a criterion for the truncation is given. The problem is clearly 
demonstrated by a recent calculation of reference 10, where the color octet 


dipole channel is explicitly included in the coupled RGM equation. 


4, NEW TYPE OF CONFINING INTERACTION 

4.1. Construction of the interaction 

The previous arguments indicate that, although the potential model seems 
suitable for treating hadron-hadron interaction, the confinement by the two-body 
potential has an unfavourable feature. There are also arguments that the con- 
finement is an essentially many-body eehectes We have tried to construct a new 
type of confining atanaceiont: taking these arguments into consideration. The 
criterions we impose on the interaction are, 
(a) quark confinement within a hadron and asymptotic separability of hadrons 
(b) exchange symmetry among the quarks and among the anti-quarks 
(c) absence of the long range color Van der Waals force between hadrons 

Let us consider a simple two meson system consisting of two quarks (1, 2) 


and two antiquarks (1, 2). The spin, flavour and color degrees of freedom are 
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suppressed for the moment. The hamiltonian for a single meson consisting of 


a quark (1) and anti-quark (1) can be written as 


a a ad 13} 
H K + Ky + v(r,7) (Ge) 


where the confinement is ensured by the requirement v(r) + ~ (r + ~). For 
simplicity, we also assume that v(r) is monotonic. A generalization of the 


hamiltonian (18) to the two meson system, which is consistent with the criteria 
(Pe) Es 


= = = 14 
H Ky nq dake (14) 


where the interaction, V, is given by 
V=min u, (GES})) 
suas 


WE = WAGs =) ae WGsee le 
it ital pe (16) 


uy = v(r45) + v(x,7)- 
For a given spatial configuration of the quarks and antiquarks, the interaction 
is a sum of two-body interactions, either uy or Uy> and the interacting pairs 
are selected by the minimization in eq. (15). It is similar to the interaction 
in the string flip-flop eden proposed by Miyazawa. Another way of writing 


eq. (15) is 


a u,8(u, - u,) ~ uj (a, = u,) (15) 


where 6 is the step function, i.e. 


Gay = il Gae0) 


0 (x <0) 7 


' 
It can be easily confirmed that the interaction given by eq. (15) (or (15) ) 
indeed Satisties, the eraterra (a) ™ (ce), 
The color degree of freedom can be included in the following way. We assume 


the SU(N) color in general and introduce a projection operator, P TP onto the 


- i 
color singlet state for the (1, 1) system. A meson consisting of 1 and 1 is 


always in a color singlet state and its hamiltonian is again given by eq. (13). 


A possible form of the interaction, V, for the two meson system is 


Ve= uy te uy - u,9(u, - u,)P, - u,O(u, - u,)P 


ie wee 


where the projection operators Pas Py are defined by 


Ep Bia hooey ote peor (2) 


If uy > uy for a given spatial configuration, the interaction is u. when 11 


IL 


and 22 are both in color singlet states while it becomes uy an uy Glew the 


system is completely confined) when 11 and 22 are both in color non-singlet 
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states. The completely confined part can be modified without affecting the 


asymptotic part and a simple generation is obtained by 


< 
aol 
& 


aie 


Sie ee Cu, = eun)O(u, = uP, - (u, = eu, )6(u = u,)P, I, (20) 


2 


where € is a real number larger than -1l. 

As mentioned previously, the wave function for the two meson system is given 
by eq. (3) and the Schrodinger-equaion becomes a coupled equation for XM 
analogous to the RGM equation (11) for the two baryon system. The convergence 
of the summation over M, M' and the existence of a solution to the coupled 
equation depend on whether the hamiltonian (14) with the interaction (15) or 
(20) gives a physically reasonable scattering system or not. In the following, 
we show that a special simplification arises in the case of harmonic oscillator 
confinement, i.e. v(r) & ae and allows an essentially exact treatment of the 
four-body problem. We shall also see that the interaction (15) or (20) with 
such a special choice of v(r) indeed gives a rich and interesting scattering 
system. 

4.2. Harmonic oscillator confinement 

Let us take a harmonic oscillator form for v(r), i.e. 


te r 
4 


We also introduce the following variables which are appropriate for the present 


v(r) = (21) 


scattering problem. 


PON 11> re > > > ) 
x = a 6Fy ry - ry v5 
> np > > > 
yy SG SP idee ae Ste) 
De ab it 2) 2 (22) 
> ee > (ay 
= = a 
ig a a et ee) 
ee ee ae ee) 
Bg wea «bee tp oD 
The hamiltonian (14) in the new variables is 
= +K +V 
H Kp + Ky “te = : 
B2 
= 4 ae > 23) 
KR 4m a ( 
aR 
iy os ie 
NS Sy OEE Ss 5 a? Sy ae 


and the interaction (15) becomes 


D 
2 
v= Mx? + y70(2? - y°) + 2 O(y? - 2°) (24) 
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Bre 
The variable x in addition to the center-of-mass variable R decouples and the 


essential part of the hamiltonian is 
, 2 
; 2?) + 27 0Cy* ~ 2°91 (25) 


2 
wu () 2 
Hee ee ey ae 
y Zz 
> > 5 
One also sees that the angular momenta for y and z variables conserve separate— 
ly so that, after the partial wave decomposition, the problem is reduced to a 


two-dimensional problem. 


A similar decoupling of the x-variable arises in the case of SU(N) color for 


Ghe interactions (20) with eG —— ls es 
2 
soe?) De pee. 2 
v= fan ty? t 2 (y72)8 ly 2°)P, = (2 = )O(z ~y")Pa] (26) 


One can again use the flexibility in the completely confined situation and add 


quark-quark and antiquark-antiquark interactions of the form 
2 


av = ar Bb. Cy? + 27) [1 - Bly? ~ 27), - 0(2” - y*)P,). (27) 


The ratio, \, of the interaction strength in the color non-singlet channel to 


that in the color singlet channel is 


VS (28) 


and can be used as a parameter to change the completely confined part of the 
interaction. 
4.3. Method of solution 
We illustrate here the method of solving the scattering problem with the 
interaction V of eq. (24) or V + AV of eqs. (26) and (27), for the simplest case 
of the S-wave scattering without the color degree of freedom. The Schrodinger 
equation for the two dimensional problem is 
2 2. 2 
iad d mW 2 2a! 2 2) ee 
Ete 5 (ai) rl eave pera yee i aya ae OCR zeD 
Di D 2 
dy dz 
Since the equation is invariant with respect to the interchange of y and z, the 


solutions are classified into symmetric and antisymmetric ones, a and aes i.e. 


¥ > = > > > aie 
gos 2) = 8G. 7), 2 G2) = Gy) (30) 
In the region y > z, the Schrodinger equation takes a simple form 
2 2 2 
ik p@ d 
{he ee eer (31) 
pine2 2 2 
dy dz 
and the asymptotic form of Y is given by 
=H Lk 
iy. 2) eos eg oY nee hee (32) 
ne nO nO 
where pis is an eigen function for the harmonic oscillator. 


1 aa moe 


) D 3 
Sn Om 2 a Ste ae (33) 
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i is defined by 


Ky 
Stage (34) 
and an incoming wave in the ground state channel (n = 0) is assumed. S is 


nO 
the S-matrix element for the tramsition to the n-th excited state. A similar 


expression is obtained in the region z>y, and the main problem becomes the 
matching of the wave function along the diagonal y = z. With the observation 
that each term in the expansion (32) satisfies the Schrodinger equation (31) in 
the region y>z, a naive way of matching is to use the expression (32) in the 
neighbourhood of the diagonal y = z. This is mathematically a little shaky 
because of the convergence problem of the sum over n, but is actually justified 
by the better founded Green function method.® For the antisymmetric solution, 


the wave function vanishes along the diagonal and the equation to determine 


g 6a) becomes 
nO F : 
~ik y j ik y 
Yo (LS o@ oF ee an: (35) 
n 
For the symmetric solution, the normal derivative of the wave function vanishes 
and the equation for sua becomes 


= ik y 1 ( s) ik y 1 
MS oe [o G)+ik ¢ 1 - Si o’e — [6 (y)-ik o Gy} = 0. (36) 


The actual calculation of ae and se was done by expanding the functions 
along the diagonal with a complete set of the harmonic oscillator eigenfunc- 


(a) 
nO 
More detailed descriptions of the methods as well as the other methods 


tions, {o} and reducing eqs. (35) and (36) to algebraic equations for S and 


(s) 
30 5 
of using Green functions or the coupled channels approach are given in refer- 
ence 8. 


4.4. Results and discussions 


We will show here some of the numerical results for the harmonic oscillator 


confinement described previously. 
The S-wave scattering without color is the simplest case and the elastic 
. : : (s) (a) 
S-matrices for the symmetric and antisymmetric cases, Soo and So9 » are shown 
in Figure 1. There is a shallow bound state (binding energy = 0.04 w) for the 
symmetric case and the phase shift starts from 1. Thresholds for inelastic 
sil ye 


scatterings are at Ko = Y2n pe (b Yymw) and one sees sharp resonances near 


the thresholds in the symmetric case. For the antisymmetric case, the phase 
shift behaves like that of the hard core scattering with small structures at 
thresholds. The hard core like behaviour is due to the Pauli principle which 


excludes the harmonic oscillator 0s state from the relative motion between 


96c K. Yazaki | Quantum Mechanical Scattering 


GltiSiceies. Iie sis} aboeere 
esting to note the simi- 
larity between the present 
scattering system and the 
electron-hydrogen (e-H) 
system. One sees that 

the e-H interaction in 
monopole approximation 

has the same structure as 
the present one. A shal- 


low bound state (H ) and 


sharp resonances near 


thresholds are indeed 


observed in the e-H 
system. 


The cases with color 


nla 


have much more varieties 


due to the flexibility in 


the completely confined 
"hidden color" con- 
figuration. The results 


depend on the interaction 


strength ratio, A, (see 
eq. (28)) and the number 


of colors, N. They can 


FIGURE 


Ie UDP RTAEE GS EON LOU. S-wave elastic S-matrix (ne2i5) for symmetric (S) 


a) For small A(X < V2), and antisymmetric (A) cases without color degrees 
f wl of freedom. k, is the wave number for the elastic 
the low lying “hidden : ; = 
channel inj unit of by. The arrows indicate the 
color" states manifest inelastic thresholds. 


themselves as bound and 

resonance states in the scattering system. 

b) For large ) (\ > ¥2), the “hidden color” part of the wave function becomes 
small, and, in the limit A + ~, where the "hidden color" part is completely 
excluded, the scattering system becomes equivalent to that of the antisymmetric 
case without color. 

c) The difference between the symmetric and antisymmetric cases becomes 

smaller as N increases and, in the limit N + ©, the two cases become equivalent. 
d) The present model gives a finite scattering in the limit N > ~, but there 


is another way of modifying the "hidden color" part of the interaction, for 
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which the scattering amplitude behaves as 1/N for large ie" 

In conclusion, we have demonstrated that the new type of confining interac- 
tion proposed here gives physically acceptable and interesting scattering 

system. They even share some features with the observed hadron-hadron inter- 

action. For quantitative discussions, however, missing factors such as spin 

and flavour degrees of freedom as well as the short-range part of the inter- 


action should be taken into account. 
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P MATRIX ANALYSIS OF NUCLEON-NUCLEON SCATTERING 


P. J. MULDERS 


Center for Theoretical Physics, Laboratory for Nuclear Science, 
Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A. 


The P matrix is useful to establish the connection between the short range 
quark and gluon, and the long range nucleon and meson degrees of freedom 
which play a role in the interactions between hadrons. It can be used as 
a phenomenological tool in data parametrization but, more important, it 
contains information about the short range interaction. 


1. INTRODUCTION 

The theory for the strong interactions is believed to be quantum chromo- 
dynamics (QCD). Unfortunately we do not know how to solve it. We do know, 
however, some of its consequences. The theory is asymptotically free: quarks 
and gluons are almost free at short distances. Over distances larger than 
te ~% 1 fm, however, the theory becomes complicated. Color charges get 
screened because gluons themselves are charged. There may be a phase trans- 
ition: (colorless) bubbles of the perturbative vacuum containing the valence 
quarks and gluons are emerged in the complicated global vacuum. In the 
perturbative vacuum inside the hadrons virtual quark-antiquark pairs can be 
created, which when they are colorless can leave the hadrons and become the 
virtual mesons that are exchanged between hadrons and that are responsible for 
the long range interaction. 

The meson exchange picture has been very successful in explaining the low 
energy interaction between two nucleons. Beyond v2.5 fm this interaction is 
dominated by one pion exchange (OPE). The short range part of the interaction 
obviously is much more complicated, involving fusion and fission of two 
hadrons. Nevertheless, the interaction effectively may be described by meson 
exchange, even up to intermediate energies (momenta wn Rus where Ry is the 
hadron radius). Such a representation may be extremely useful in nuclear 
physics applications, but it will not lead to a more fundamental understanding. 
E.g. in a short range process as simple as an exchange of two gluons, not only 
qq, but also qqG-mesons and glueballs are exchanged in the baryon-baryon (BB) 


t-channel. 


This research has been supported by the U.S. Department of Energy under 
contract DE-ACO2-76ER03069. 
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The question thus arises how to describe the interaction using the proper 
degrees of freedom? Leaving out lattice calculations, there are two quark 
models that are "based on QCD" and have been extensively used to describe the 
spectrum and properties of hadrons, namely quark bag models and quark 
potential models. In both models attempts have been undertaken to understand 
the NN force. Detar! calculated the energy of a bag in which the center of mass 
coordinates of the three quark clusters had been fixed. His calculations show 
that a six quark bag is unstable, since it is energetically favorable to form 
two nucleon clusters. The potential model calculations have one very serious 
drawback, namely the confining force generates a long range van der Waal's 
force that is quite different from the OPE force. 

In both of the above calculations attempts to use the proper degrees of 
freedom for the short range part of the interaction, quarks (and gluons), have 
been made, but in both cases there is no way to get to the baryon and meson 
degrees of freedom for the long range part of the interaction. For instance 
in potential models the presence of a continuum of two gluon exchanges in the 
t-channel starting at t = 0 is the reason for the van der Waal's force. The 
physics of the two gluons coalescing into (heavy) glueball mesons is missing. 
While there is not one model covering all interaction ranges, one needs to use 
different models for different regions and match the interactions. Here the 


P matrix as a specific example of a boundary condition matrix becomes useful. 


ZATION 

The use of boundary condition models is well known in nuclear physics 
(R matrix theory) when it 1s convenient to describe the scattering of 
particles off nuclei in terms of eigenstates of the compound system. In 
the NN interaction an (almost) energy independent boundary condition 
Gt matrix’) provided a good description of the core. The P matrix? is 
identical to the f matrix, but it is not the boundary condition at the 
core radius, but rather at the quark-gluon domain radius that is considered. 

The P matrix is the logarithmic derivative of the (scattering) wave 
function or actually (in a spherically symmetric case) the function ¢(r) = 
u(r)/(2u) '/2, where u is the radial wave function and » is the reduced mass 
in the scattering channel, 

b(do/dr), = P(s,b) o(b). (21) 

P depends on the choice of boundary (matching radius b) and the energy (s = 
center of mass energy squared). The poles in P correspond to solutions in the 
internal region (0 < r < b) that satisfy a boundary condition, $,(b) = 0. In 
the case of two body scattering, one can write down a once subtracted expan- 
sion, 
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Ben tE) teare (2.2) 


An instructive example is the square well potential V(r) = “Vo Wore We lds 
V(r) = 0 elsewhere. The natural choice of the boundary is the square wel | 
radius. Then the logarithmic derivative at b is P = k'b cot(k'b) where Kr? = 
2u(E+V,). This has an expansion like (2.2) with f=1 and ae a 
From (2.1) one can deduce the relation between P and the scattering matrix 

S. In the absence of infinite range potentials, like Coulomb, 

o(r) = kK VAH, +H, S) (2.3) 
where Hy and H» are those scattering solutions that approach free outgoing 
and incoming waves for r=, 

Hi(r) = kr pi?) (kr) (2.4) 
ROC=leZen Eno zal) cand(2.3)eit fol lows 


Se CGB x POT H tx) HH, Gl SF age | oe 


(Note xH'(x) > b(dH/dr), i? i US NOG @ iNew IGM Or Kies Wie wai 1S ino 
interaction for r > b, Hy and Ho become equal to the Hankel functions for 
r > b. This was the case in our square well example, and for S waves (2.5) 
becomes 

P= kb cot( kb. + is), (256) 
which is (with P in terms of k', see above) the well known first year quantum 
mechanics solution for the square well S-wave scattering phase shift. 

I will summarize the most important properties of P. For more details 
references 2-4 may be useful. Most properties are easily derived from (2.5) 
and the analytic properties of the S matrix and the scattering solutions. 

(a) The matrix P is symmetric and real for real energies (Im K2 = 0). 

(b) P has no cut for real energies and no two body threshold singularities. 
In general it has simple zero's and poles for real energies (see 2.2). 

(c) From the relation between P and S, and the fact that S is independent 
of b, one finds that for a pole in P, P % PeAb)/Es=s.(b) 1) the residue 


satisfies 

r(b) = [-b(ds_/db) ] x projection operator . (200) 
(d) P satisfies the Wigner condition, 

dP/ds < 0. (2.8) 


In the limit that P(ross) = f = constant, the interaction is maximally 
nonlocal within Dae semiclassically there is an infinite signal velocity 
over this distance. ° Note that for S waves (2.6) and (2.8) imply dé/dk a: 
For the equal sign this means semiclassically that the scattered wave starts 
to emerge when the center of the incoming wave packet is still a distance 


ea from the target. 
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3. QUARK BAGS AND THE P MATRIX 

Bag models led in a natural way to the prediction of colorless multiquark 
states, e.g. six quark states. The absolute confinement that is imposed on 
the quarks, however, is not correct, since in general fission into colorless 
subsystems is not prohibited. Jaffe and Low" (JL) pointed out that the 
multiquark states (e.g. q®) correspond to P matrix poles in the corresponding 
scattering channels (e.g. (q°)(q°) = BB). 

The position of the poles in P depend on the matching radius b. At this 
radius a condition on the BB wave function is imposed. In the MIT bag model 
confinement is achieved by a (linear) boundary condition on the Dirac spinors. 
JL proposed to compare the density of two clusters (with Ny and No quarks 
respectively) in an N-quark bag with the density of a confined BB wave function 
¢(r) ~ sin(mr/b). This yields 

b % 1.37 (N/(NWND))'/* R, (3.1) 
where R is the N-quark bag radius. 

If the pole position is known as a function of b, an estimate of the 
residue can be obtained from (2.7). For values of b less than the value 
corresponding to Ra? which minimizes the bag energy, one then obtains 
-b(ds \/db) = 2M(M - 4BV), where M is the bag mass at R corresponding to b, 
ear Me, and BV is the bag volume energy. This estimate will be reliable for 
R << Rn (and then becomes essentially 2S 5s but it is not reliable for R ¥ Ry 
where it gives zero. Since the system can fission into color singlet clusters, 
the volume term should not be present for them. JL showed that without 


seriously affecting the bag mass, this leads to r(b) ¥ 1.5 s(b) 1, where 


6Ag 
the € 's are the fractional parentage coefficients for the g® eae 
\qo> = iF bs |BB>. (the sum runs over color singlet (0) and color octet (c) 
channels). Therefore, an estimate for values of b corresponding to R< Ro is 

ao) & Ole = 2) S(b) Q (ees) 
where Q is a projection operator onto all BB channels (Oe e rere): 

At this stage it is necessary to consider the fact that many channels are 
closed channels, i.e. the energy is below the thresholds for those channels 
(for instance color octet channels). Only in the open channels scattering can 
take place and only a (unitary) submatrix SA5 of the S matrix is relevant. 

The P matrix in the open channels, related to this submatrix through (2.5) 


is called the reduced P matrix Poe it is related to the full P matrix by 


D = a = ' a ] 

Poo Poo Reel eure Peo? (3.3) 
where He is the outgoing wave in the closed channel (exponentially damped). 
Because kates is usually positive (xb for H(isr) = exp(-«xr)) the pole in 

the reduced P matrix is in general lower than the real P matrix pole. In the 
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FIGURE 1 


A smooth mm S-wave phase shift fa) and the poles in P, shown as zero's in 
17P(b) for b = 5, 6, and 7 GeV"! (see ref. 4 for details). 


case that all closed channels are far removed the reduced P matrix becomes the 


restriction of the real P matrix to the open channels. 


4. REVIEW OF ANALYSES OF SCATTERING DATA 
The P matrix may be obtained from the S matrix (2.5), if the latter is 
completely known. This has been applied to meson-meson,“ baryon-meson,” and 


657 channels. The method is illustrated fora ma S-wave channel in 


baryon-baryon 
fig. 1. The smooth (structureless) phase shift in (a) yields clear poles in P 
(b). The results will be discussed in section 5. 

In many cases the complete S matrix is not known, and (2.5) cannot be used. 
The solution is well known from e.g. baryon spectroscopy. One assumes a 
parametrization for the S matrix and fits the parameters to the available data. 
Grach et ait? have used such an S matrix parametrization of the coupled 
NN(*D,) - NA(°S,) system to obtain the P matrix (see section 5 for the 
results). 

Instead of parametrizing S one also can parametrize P. As has been pointed 
out independently by Mulders? and Jatfe!?, the starting point for such a 
parametrization should be the P matrix for the no-scattering case (S = 1); from 


(255) sone sees that then P = p(0) 
pO) = kb J3(kb)/5, (kb) 


, where 


ee kb cot(kb) . (oD) 


This p(0) matrix already has an infinite number of poles (called compensation 
poles). To obtain a parametrization for P one modifies the constant and the 


] 


relevant poles in pl0) As an example, for b = 6 GeV the only relevant 


compensation pole in NN scattering is the S-wave pole at 2.15 GeV, so for 


the NN ee wave a good parametrization may be 
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2 
x cot(x) - oi 5 0 
P = oe Pe tee. (4.2) 
0 x Jo(x)/5o(%) 0 


where x=kb, and f and r are 2x2 matrices. At low enough energies a one pole 
approximation (without higher compensation poles) for P still gives a good 
One pole approximations to P have 


result. The results are shown in fig. 2. 


been used by Simonov! | for NN S-waves. Forms like in (4.2) have been used by 


Jaffe! for the I = 
baryon-baryon waves. An example for the NN fee waves is shown in fig. 2 
(see wer, 7 oP ceils). 


Two remarks should be made at this point. 


2 mr S-wave, and by Mulders !4 for various nonstrange 


About the long range interaction: 
in order to find the P matrix which connects to the interaction for r < b, one 
has to include the long range interaction. Without accounting for it P in 
general will violate the Wigner condition (2.8), especially at low energies. 
Secondly, about the poles that are put in the parametrization: in the 
baryon number 1 systems the compensation poles in the BM system are identified 
Of course also excited q° 


with confined qq states. states will show up in an 


analysis. They are not accounted for by modifying compensation poles, but by 


putting in addittonal poles. 


As an example, 


T y T T 
degrees \\ 


20K7-N. YY 


| SS x 

/ * 

q xy s 
ie & \ 


=2Ol= + 


=40\- 


! 
22 /s (GeV) 


the P matrix for the Nx P33 wave 

in the A-resonance region is 
accurately parametrized by the form 
P = kb Jj (kb) /5, (kb) ti ek) 
for'b = 6 = 7 GeV! (e.g. for b= 
a.5 Ge |, f= sDl6y m 200646 Gey 
and VE = 1.31 GeV). Noteworthy is 
also the fact that the P matrix 
automatically gives the correct 
threshold behavior. No barrier 
factors are needed in the residue! 
In the MM sytems additional poles 
are necessary for excited qq-mesons 


and possibly glueballs. 


FIGURE 2 

P matrix parametrization (4.2) for 
the NN Nae, waves (solid line). 
A one pole approximation has also 
been shown (dashed line). A long 
range OPE potential has been taken 
into account. The dot-dashed line 
shows how the (solid line) result 
changes when the external potential 
is taken zero. 
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5. DISCUSSION OF THE RESULTS 


In this discussion I will consider a few specific examples. Comparisons are 
made with the MIT bag moder. !3 The first example is the an S-wave, considered 
in fig. 1 of section 4. The P matrix pole position and residue for values of b 
between 4 and 10 Gev"| are shown in fig. 3; it has been assumed that there is 
no interaction for r > b, so (2.6) is valid. The lowest bag state (marked q°q*) 
hess ie sORGa GeV and Re=— 404 cev |. From section 3 we thus expect a pole in P 
at this energy for b = 6.1 Gey"! with a residue r 7 0.3 Gey? be = S041) 

This last estimate is obtained from (3.2) and assumes that the Pnicee P is 
the restriction of P to the open channels. The agreement between the 
predictions and the experimental results is very reasonable. 

If the mr system matches on to a fae bag at 6 Caran One cannot go to 
smaller b values and determine the position and residue without taking the 
residual interaction for r > b into account. Nevertheless, there probably is 
a transition region in which the results still make sense, since the scatter- 
ing structure at some energy E, e.g. a pole in P, will not significantly change 
before the strength of the residual interactions becomes comparable to the 
energy difference between pole and threshold. 

It is interesting to compare the position of the pole in P with that of the 
lowest pole in p(0) (compensation pole). The pole in P is considerably lower, 
due to the strong one gluon exchange (O0GE) attraction in the nace system. This 
is reflected as an attractive phase shift as can be seen from (2.6): since the 
pole is at kb < 7, we must have 6 > O at that energy. 

The next examples are the NN S-waves. The positions and residues for the 
lowest pole in P are shown in figs. 4 and 5. For large values of b the pole 
positions are the same as for the compensation poles. This is what we expect, 
since short range repulsive effects barely alter the pole positions for large b 
and the pion exchange interaction is very weak on the scale in figs. 4 and 5; 


indeed, we see (figs. 4, 5) that inclusion of the OPE interaction for r > b does 


b 
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FIGURE 3 


Lowest pole in P for I = 0, mm S-wave, compared with compensation pole (m7) and 
bag model predictions (q2q°) . (a) Pole position, (b) residue of pole. 
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p FIGURE 4 ; 
Lowest pole in P for (I,J ) = (0,1 ) NN channels, compared with compensation 
pole (NN) and bag model predictions (q®°). Circles are our points (open/filled 
are without/with OPE from phase shifts in ref. 14), triangles from ref. 11, 
squares from ref. 6. (a) Pole position, (b) total residue of pole (without 
potential oF % 0.04, with potential &= ¥ 0.14). 
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see caption of fig. 4, but for (I,JP) = (1,0+) NN channel. 


not significantly change the pole parameters (especially for the 'S wave the 
effect is extremely small). The influence of different NN potentials has been 
considered in ref. 15. The bag model predictions for the positions of the pole 
are in good agreement with the experimental positions. We see a gradual 
transition from the NN compensation mass to the se bag mass going from b = 8 
to b = 6 Gey"! The difference in energy for the poles in triplet and singlet 
S-waves agrees nicely with the difference between bag masses due to OGE inter- 
action. The residues do not agree with the predicted residue for bags. Of 
course, inside the bag the quarks not only couple to NN Gr = 1/9), but also 
to aa(es, = 4/45), and color octet channels Ge =74/5). It Sis NOWeVelr. not 
possible to get an enhancement for NN in the reduced P matrix by taking into 
account the presence of closed channels through (3.3) without having 


ridiculously large values for the constant matrix fe More likely, the 
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enhancement indicates that for the largest cluster separations in the bag the 
color singlet clusters are dominant. Noteworthy is that there was no such 
enhancement in the mn S-wave (fig. 3). This difference can be understood 
mathematically: because of (2.7) the enhancement is stronger for a multiquark 
bag with mass higher than the compensation mass; it also can be understood 
physically, /© since the repulsive OGE will enhance color singlet correlations. 
Next, consider the coupled NN( 1D.) - NA(°S,) system (fig. 6). Between 

b = 8 and 9 Gey" | the NN D-wave and NA S-wave compensation poles cross (at 

Vs % sia GeV). This is also observed ul the residues of the poles. For b > 
9 GeV 


PNA "NN NA’ 
coincidence of the bag mass and the NA compensation pole (both position and 


<< Tw while for b < 8 GeV. << 7 Because of the 


residue) no striking effects of the six quark system are expected. 

As a last example consider the H dibaryon (Y = 1 = 0, ae = oh, which 
couples to the AA, =N, and rz S-waves (64, = 1/40, 4) = 1/10, &6,= 3/40). The 
bag model predicts a bound state (fig. 8). So far there is no evidence for 


ips) 


this. A possible trajectory for position and residue in the three channel P 
matrix 1s shown in fig. 7. Noteworthy is that a pole at b = 6 cev"! with ee = 
2.3 GeV (above AA threshold) and r = 1 Gev" still does give a bound state. 
Summarizing, the P matrix yields information about the short range, which 
is relevant for our knowledge of the interactions between quarks. Exotic 
channels, like NN, that do not couple to resonances through qq annihilations, 
are particularly useful. The data seem to indicate that for b % 6 Gey" | color 
singlet correlations are important. One, thus, may want to evaluate P at a 


VV but this implies 


smaller radius, where a simpler bag description may work 
more complicated residual interactions between the baryons. What is more 
challenging in view of the elementarity of the interactions is trying to 


improve the understanding of the interactions in terms of the quarks. 


> 
3 é Bais 
S “ eta fe) 
= 
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p FIGURE 6 
Lowest pole in P for (I,J ) = (1,2+) NN - NA system, compared with compensation 
poles (NN, NA) and bag model predictions. Squares are from ref. 8. (a) Pole 
position, (b) total residue of pole (see ref. 8 for rN and Gy separately). 
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FIGURE 7 
Bag model predictions for H dibaryon and the S-wave compensation poles. One out 
of many possible trajectories for Spb) s and corresponding r(b), that would 
correspond to a bound state at the AA threshold, is shown (dotted lines). 
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NUCLEON-NUCLEON INTERACTION AND THE QUARK-COMPOUND-BAG (QCB) 
MODEL 


Yu. A. Samonov, ITEP, Moscow 


Recent results for NN interaction in the QCB model are reviewed 
including the P matrix NN analysis as a tool of the QCB poten- 

tial construction, admixture of six quark bags in nuclei, weak 

NN QCB interaction. 


1. INTRODUCTION 

The nature of NN interaction still is an open question, especi- 
ally at small distances,r<1iF , where nucleon bags overlap. We all 
believe now that OCD lies at the foundation of strong interaction 
and gluon and quark degrees of freedom play crucial role for very 
small distances!. A fundamental question arises: can one explain 
NN forces in terms of quark and gluon degrees of freedom and in- 
teraction between them? Three main directions are used nowadays 
to anser this question: 
i) "energy deformation method", in the framework of the MIT-bag 

picture’; 


ii) nonrelativistic (constituent) quark model (NOM) 3; 


fe) 
Gay che OCR model 777 or 11 Or 27 tO, 10, 12” 
It is the purpose of this talk to answer the above question in 
the framework of the QCB model. For detailed analysis of experi- 
mental data and additional formulas the reader is referred to an 


extended version of this fate 


2.QOUTLINE OF THE MODETL 

There are two basic observations in the physical picture of the 
QCB model: i) when two nucleon bags overlap a new 6q bag is formed, 
ii) two nucleons exist inside the 6q bag (we shall call it QCB 
throughout the paper), as a N(3q)N(3q) term in the formal cluster 
decomposition of the QCB wave function (w.f.). In this way the NN 
w.f. is made continuous both inside and outside of the QCB. 

Im, Telaves sealaaisne version” © of the QCB model only the point i) was 


taken into account in the two-channel approach. An additional (but 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
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; = 42 ; 
not necessary) assumption was made ine : and will be pursued 


throughout this talk for simplicity reasons; namely: 
iii) the transition of NN into the OCB takes place in the narrow 


region at the boundary of the QCB, we call this distance between 
3 : Ps 1/3 =| 
imuelleom inate a eicsineiiciem ieevclilvis? © = = ae = Sy, ui GeV 


ee, For M = 2 GeV we get b = 1.44F. 


In what follows 2 present the latest version of the OCB model 


Cae iLioKeKenaioVoNateheskme) ah) selmiel alal)) 1 Yylmlalioso, feveyalierlauinls) els) El Ialansliraualey cerere 


the first version F jen eeSulijoiedem ais)) Woellil ioe clone ere Ele fi= 


Nal Stace te cet, explicit resmilese Hom detanisvon deriva tionssee 
8, 12 


We write the 6q w.f. as in the resonating group formalism (RGF) 


15 

WoW a ee Wy =Ald(r) Loy BO oy BOI5 7 3 (1) 
where ', is the w.f. of OCB, while ¥,, describes motion of two 
muCcIeomls = Se) Cilluisreies, Wy is fixed by its asymptotics, WY, is 


mexcessicney ali (1) Gsuisnee jomysuloelliby ec i@ < Js) Goilleiccs! Cllusiesics ieunval 


GUAOMS) BUSS fOIESSSOME INGE ESS Gieo) aieC@ouiae iia Wo . Whe mesuile iin 
equation for the w.f. of the NN relative motion ¢() is obtained 
15 


in the usual RGF 


eT ee neue =a (C2), 


where V is in general a nonlocal iantzeraction Comprising Ene darect 
and crossed contributions £rom qq potentials, while VNqN is due 
to the intermediate QCB formation. We approximate V outside of OCB 
by an OBEP, whereas inside the QCB nucleons exist only as an int- 
rinsic part of QCB w.f. and the qq interaction is already taken 


there into account. Hence we can write: 
WE) = Von OL = Ps (3) 
va can be decomposed into a sum of the QCB eigenfunctions ¥® 
(Civabicly Teielereepny Gukeieyewlwies 1 |, im = 1,2.5a5 Wor ve one can use 
: 1 : 
the cluster expansion (i ‘denotes the type of Sq clusters, 
Lan Ay C) 


¥, = © 6,028) 4, 4569 (Rios 456 Bn (4) 
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ve anc tes sad delleroaiats OD) ifs) elaey iolenquiteilaivaercl vivo ie oie rellliuiss— 
HEB el stern mot Lom, oh LS MENG OM) Measuring thie) jIOba lou! lanty, 
anvil Luce yon eclusteme aianside the OCB) Wate imethe stare 0. Bor 


€ 
She Sm sitate! Bi was calculated in!®; im Ehe case o£ INN cillus= 


ie NN 2 


ep es 


ters the result is = 0.11, whereas le°°l” = 0.8. 

We should stress, that the 80% probability of colored clusters 
means) tchat Ehe OCB wot. Fs is much different from ¥Y,, anil ie Ort 
tains additional degrees of freedom which should be taken separa- 
vely, es eaG. ine 1) Below we show that the wmesence of OCB ex— 
plains Main features Of NN interaction, both apparent sepullsion at 
smaller distances and attraction at intermediate distances, the 


role of external OBE interaction being the subsidiary one. The ma- 


ii), GoRswaie VnqN is given by” 
> 4, Be a Ma Oe 5 lien) 
V ED ee ee ee 
NOS lee recat oe Joes ee 
n 

Y mes are the spin-angular normalized w.f., while 

f,(t,E)= -¢, a, ()+%,7,(1)(E, —E) @ (b-r). (6) 

BS 2 ——-_N 

Here 7, normalized as fly, ©] Geel , #. = Ww lg. 7 Gancl G5 


is a real constant, giving the probability amplitude for the tran- 
CH ElonmNNU OCB at he boundary lof june OCB; we, take fom isimola 


City san(njis: 6 (rib) 


3.PROPERTIES OF THE NN POTENTIAL IN THE QCB MODEL 
Mave: qeeyeciil INN) almeeigelenewioin abs) eyelereracliiate wee) (3), (SD) (eiselicie seco 


angular factors): 


Wee W One DDE eee ee (7) 
NN OBE mer, 
Te 260), YEG) and G(r,r’) denote the regular, irregular solutions 


and the Green function for the Schroedinger equation (S.eq.) with 
VN = Vopr 9 (t -b) , then the general solution of S.eq. with inter- 
action (7) can be written as (we keep in the sum (5) for simpli- 


Cityeonly sone OCB stern) 


112¢ Yu.A. Simonoy | Nucleon-Nucleon Interaction 


dele ER ee ee ee eee (8) 
E,-E - (iia (r)Girr)f (’)dr Ghe * 


From (6) and ne can deduce the following properties of the 
NN w.f. ¢(r) 
al @ G2) = © fee Wea w, sacl ein ¢ 


i) ge 1 S10 the P matrix has a pole: 


The first property means that the interaction (7) acts as an 


iigheaiasiqers) Clea: allel WOES ax@ie SIR, 5 Iveta) eels 18) 1a, Hh ialeie 

E = 0, the w.f. is strongly suppressed for '<b si Cn is 
large. When the NN-QCB transition is not sharp, i.e. a(r) is smea- 
Cl Oise wieere ws 19 , the w.f. is nearly zero inside QCB for E=E, 


The physical reason of this w-f. damping #s that VN acts rasea 
barrier, preventing nucleons from entering the QCB. Thus Vngn 
constitues a universal mechanism for the NN repulsive core: the 
Maine angredient us) the existence of the strong | (lacge | cys) NN-OCe 
transition to a nearby OCB state with energy H, . A similar re-— 
pulsion exists in the I = 2a7 system, where ec, is also large, 
whereas in the IT =17a7 system ¢Cn is small and repulsion is 
restricted to a narrow region near the p -meson mass. All that 


1 : : 
is nonuniversal explanation of 


is in contrast to a suggested in 
the NN repulsive core, based on the specific role of the s*p? 
Sitaisel. 

ihe SpEopenty by Ego) g the basis On sehen Plinatrmiaccamncaday,casc 
which enables one to find E, and °¢, from experiment, as was 
originally suggested by Jaffe and how! The QCB model is to our 
knowledge the only explicit model, which realizes the fruitful 
idea of the P matrix analysis given mee Other important proper- 
ties of Vyn (7) are: it is nonlocal (separable) and strongly ener- 
gy dependent. Since the lowest QCB states for NN are widely sepa- 
rated in energy |E,-E,| = 0.5 GeV, one can retain in the sum 


(7) one or two terms. For x= © we obtain the first version of 
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ge 
the QCR model’, in that case it was realized that one should add 
£o Vn qgN some additional interaction inside QCB, linear in energy 


to reproduce the 


3 ‘ ; : 
Sg and 8, data. It is rewarding to obtain 
exactly this term from the correct treatment of QCB, as is exemp- 


ake stevel Nowe (7/5 


4. P MATRIX ANALYSIS AND THE QCB MODEL 

P matrix analysis plays a special role in the QCB model since 
it enables to obtain all OCB potential parameters from the experi- 
ment. The P matrix analysis is to be done using the experimental 
phase shifts and solutions in the chosen OBEP at R<r< » , to 
PiNOm ve Sperimentale | Peinatiica ater= Ro. Thisscan! be compared touehe 


theoretical P matrix, found from the potential (7). The latter de- 


pends on the function 7 (ft) . A convenient choice for 7,62) is 
(7) = Ni jp (8,7) 8,7 (10) 
where N, LS GCleiwalimacl loyy selove inoremellareve lor Cioiaclstieixeym ehayel 1p is 


the Riccati~Bessel function. The OBE parameters are held fixed and 
the parameters to be found from the fit to the experiment are E, , 


Ch , Xn (i 


ly gue ek a Us and ¢, can be found from the P 
matrix analysis in a narrow energy region around a P-matrix pole, 
as was done first for the NN case by Jaffe and Shatz'4 and demon- 
strated a good agreement of E, with MIT predictions. Next step 
was done in’ where the representation (9) with Py = const was 
wsed in the energy region 0<T; < 515 MeV to describe the experi-— 
mental S-wave data with good accuracy. The value of Py was found 
from the position of the deuteron (or singlet deuteron) pole. No 
OBE part was used in’ ana!*, In4 the agreement was worse with low 
energy data ( T; < 10 MeV) and ‘og value (153 too low as compa— 
red to exp.), suggesting the importance of OBE contribution in that 
region. We note at this point, that b Pash Qa cisans a tvoOnems aca sy, 
is O£ course fixed at some physical value, but the P matrix analy- 
sis can be done at any radius R, in general R#b ,and Ey nS) 2) 
function Of R,; E=E (R).. Only at R=b , E,, (b) should be compa- 
red to the MIT-bag energy values. At present there are extended P 


matrix analysis done by several aeoupe ao. The main conclusion 


see 1@ BMEVE EO AAS Sie (EN US moe SSSeimedeil were jolie! wlieiccierise as 


14 2p Ab 2S 


tics in agreement with . The results of display a strong 


dependence of E,(R) om 1 4 Waals) selele Wels Chgoll@atwerel aebheieleleve ae 


5 
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to define the transition radius » : the curves E,(R) and c% (R) 


obtained in a potential model close to (7) strongly change their 


behaviour at R =b and A RR) even has a bump at thus pormte 


. 24 
melas Galcast yan My ekie Sy channel was treated in als) (huis: 16@ 


D NA channel and the inclusion of the latter was shown to in- 


0 


fluence strongly the pole position. The important point discovered 


3 3 
in the analysis of single sine 7! and coupled ‘S, —D, chan- 


nelseor We ilaeve tele Salepe, One may be positive at T, < 100 MeV 


in contradiction with the Wigner condition, as discussed in 


A small change in phases and mixing parameters usually cures 


D2 XS 


the situation , in this way the P matrix analysis may Serve as 


an indicator of data accuracy. An extended review of the work done 


28 


at ITEP and The Free University of Amsterdam is contained in , 


where also further discussion of the Wigner condition violation 


3 


waves the P matrix analysis-- 


can be found. Fow the Spee D, 
done at R = 1.44F finds only one pole for each element ( Pi , 
Bioe tay oa eee Che same energy) ht is in agreement with the 


QCB model, where the pole is due to one and the same QCB state 


3 
with energy E, , coupled to both Bie and D, 


waves. In contrast 


to that, in the general matrix potential one gets two poles in 


2 
each channel; thus the analysie-- confirms the validity of the 


QCB model in this case. 


5. SOME EXPLICIT EXAMPLES OF THE QCB NN POTENTIAL 


Already the early BCM P matrix analysis has revealeda’4 that the 


data up to T,= 300-400 MeV are in agreement with the constant va- 


lue of the P = Pas On the other hand, as was shown ae how thac 


the internal potential should grow linearly in energy E with a 


COs cakenieins CiloOeie! Bey Wine, Whiere Ixihetcl Gye Giecemingll joeamiededl CR< OS) 


Wels wiser! ale Weness potential-® on phenomenological grounds. The 


QCB potential (7) provides a clue to this energy dependence. From 


(6) and (7) one can see that Vyyn contains a 


linear energy depen- 


dence with a coefficient Ext py (r) Tete) On (Dts) On CD en ae) - Since 
ithe are normalized to 1.one, one needs x? = 1 to get the constant 
EA en Now using the theoretical value of aN iG we obtain 

x2 (ctheor)=1.1 Thus the quark structure of OCB, used ey may 


explain the observed energy dependence of the NN interaction. (No- 


te, that real experimental value of x? should be smaller than 


the theoretical one due to deformation of nucleon clusters inside 
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QCB not taken into account ee 

The value ae 1 was used to construct the simplified version 
of the 265 and ae NN potentials he Those potentials rep-— 
roduce the experimental phase shifts with 10%-15% accuracy in the 
energy interval 0 <T; < 515 MeV. Note that these potentials do 
not contain the OBE part, so the nontrivial conclusion is that one 
can describe the NN interaction in S-waves using QCB term only. 
In a more elaborated version ae is taken as a fitting parameter 
COwSelaeia Yael fe 5 (©, 7 J 2 1 5 iiienelle alia Gelnaije: cliineexeiestone done iloyy— 


est NN waves is in progress. 


6. ADMIXTURE OF OCB IN NUCLET 
The "static" admixture in deuteron is defined by normalization 


as follows: 


B af SA Le eal Se (11) 
QCB p|W\2dr n QCB 
where 
b 5 
Bees ls iy Cry a(n) dees Ge Leten (b) J. (V2) 
QCB n 0 n d E28 d 


57e ‘ 
Using the parameters of the $8, QCB potential and the deuteron 


Wale eno we obtain 


(13) 


oe 


Baye = (0953-0.37)- = 2% 


Note that this small number is a result of a strong cancellation 
between the "volume" and "boundary" terms in (12). It is curious, 
that all NN interaction is here due to QCB in contrast with the 
small admixture (13). Analogously, for a nucleus, assuming the 
Fermi-gas model, we obtain for the oc type of OCB and a set of 


realistic QCB parameters 


(MEE Nese) dee Ope (14) 


7. P-MATRIX POLES AND DIBARYONIC RESONANCES 


There is a simple connection between S and IP MAME, GoCGe 
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see (A.1) gel and if one desregards OBEP and uses (9) with P)= 


const, one can obtain a simple connection between a P-matrix pole 
ahiayel (S=ehereabox jolla, lene on wave it was found in! that the Simats 
rix contains 3 poles, two of .them correspond to a dibaryon with 

a very large width, E, = 147 Bs LONe Mev, sthe ehiane wus amdemrenror 
poles For the Ds state the P-matrix analysis! reveals a pole in 
the P matrix at Vs = 2.33 GeV in agreement with MIT prediction 

and the corresponding pole in the S-matrix is at My- 2h 22 WS=L10.O7 
GeV. A similar situation occurs for the UE, State. In vadda tron am 
Ds and ae there are nearby pseudoresonances due to AN inte- 
rmediate state, so to a dibaryonic state there correspond a P mat— 


rix pole, an S matrix pole and a pseudoresonance. 


8. RELATIVISTIC EFFECTS AND OTHER SYSTEMS 


Relativistic treatment of S and P waves was done in, Ebe "role 
of P matrix poles played by CDD poles, with good description of 
datagupmeo 7 | iCeVen Poles in eie .YN wand sy YSisys cence hawmesiocen 
IG@eEeel in@”? in the same way as the NN system in’. Makes (2) Gipst esaaisc 


analysis of KN system in terms of OCB parameters was done See 


9. PARITY VIOLATING (PV) NN FORCES 


The calculation of PV NN amplitudes in the QCB model was done 


aD VO 
in 


for PV NN asymmetry and one for PV effects in thermal ne- 
utron capture by protons. It is an important check of the model, 
since no parameters are introduced for PV amplitude in addition to 
known parity conserving NN QCB parameters, provided known Weinberg- 
-Salam Lagrangian is used. Unfortunately two near QCB states cont- 
ribute to both processes which interfere with unknown phase, so 
that the results for Dy and A,, lie in some region of possible 


vyeluesiu- 107810, <P. S269 oe | Sena one Ayp (15 Mev) 


y < 
S 406 75 100! . If one takes the combination of OCB states minimal- 
ly coupled to the AA channel, the results for An at 15) and 45 


MeV well agree with experiment. 


10. CONCLUSIONS 

Applications of the QCB model even in the simplest approxima- 
tions (no external OBE, sharp transition) are reasonably success- 
ful, showing that this model takes into account the most essential 
quark structure of NN interaction. One of the most important che- 


cks of the QCB NN potential -'the calculation of 3N and 4N obser- 
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vables and the generalization of the QCB model to include the 


9q, 12q, ... bags in nuclei - are now in progress. 
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1. INTRODUCTION 


A central question in the study of the few nucleon systems today is how to understand 
nuclear structure in terms of the quark degrees of freedom. It is now clear that nucleons are 
composite, and that QCD, the gauge theory of colored quarks and gluons, is probably the 
correct theory of hadronic matter. The question is: At what points in our description of 
nuclear structure do we have to abandon the conventional meson-nucleon theory in favor of 
quarks? In this talk I review some of the evidence for quarks in nuclei from previous high 
energy (E > 1 GeV) electron scattering experiments.!—® There is a great need for more 
electron data on nuclear targets. In response to that need there are now plans for more 


experiments in the near future. 


2. WHERE TO LOOK FOR QUARKS? 


Examination of the present high energy electron scattering data on the nucleons and 
the A < 4 nuclei yields the following observations: 


A. There appears to be a gradual transition from the conventional nuclear physics regime 
to the quark regime in the high energy electron data. As the energy and momentum transfer 
to the hadronic system increases from the MeV range to the GeV range, there is a gradual 
change from coherent scattering off collections of quarks (nucleons, mesons, isobars) to 
scattering from individual point-like quarks (scaling region). This transition takes place in 
the momentum transfer Q? range up to approximately 4 (GeV/c)?, and can be seen in both 
the elastic and inelastic data. In Fig. 1 the elastic form factors of the nucleons and the 
nuclei A < 4 are observed to gradually approach the power law fall-off with increasing Q? 
predicted by the quark counting rules.’ The power law behavior follows directly from the 
dominance at large Q? of the minimal n quark component of the hadronic wave function, 
and the scale invariance of the quark-quark interaction at short distances (quarks are point- 


like), up to logarithmic corrections. Figure 2 shows a schematic® of the proton structure 
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functions derived from ep data? covering the elastic peak, the nucleon resonances, and 
the deep inelastic region. The peaks from coherent scattering sink into the continuum 
of incoherent scattering from individual point-like quarks as the Q? is raised to 3 or 4 
(GeV/c)?. For inelastic scattering from nuclei the picture is similar except the nucleon 


resonant structures are smeared out due to Fermi motion and interactions in the nuclear 


medium. 
0° SRS ap ; at : 
: Pion, n=2 | 
o! —eee—e-0—e] 
Proton, n=3 = 
Se = * \* : 
Neutron,n=3 |] & AN, N35 W=GeV 
= 107! i lexan i 
e : E Deuteron, n=6 | E 
2 jo2h J 
1 Helium 3, n=9 = 
o? [ aj 
E + Helium 4, n=12 =| 
bs xO. | =| 
Oe 5 
Oia = | ! l 1 l | 
O 2 4 6 
a2 (Gev2) 
FIGURE 1. Elastic form factors F = FIGURE 2. Schematic representation of 


\/ A(Q?) of the hadrons and A < 4 nuclei the electron proton structure functions 
multiplied by the power of Q? determined vW) at high energies. The figure is from 
for each n quark system by the dimen- ref 8, based upon data in ref. 9. 

sional scaling quark model (ref. 7). 

B. There is a systematic pattern of deviations of the present high energy electromagnetic 
structure function data from the predictions of the conventional meson-nucleon models. 
These models generally give too small values for the cross sections at large Q?. In the 
deuteron A(Q?), for example, the conventional nonrelativistic models! fall below the data by 
factors of 2 to ten at Q? = 4 (GeV/c)?, and the relativistic corrections make the agreement 
worse.!! Similarly the charge form factor of ?He is poorly described. Figure 3 shows one of 
the recent calculations!” based on the best available Faddeev 3-body wave functions. When 
contributions from meson exchange (MEC) and isobars are included, there is improvement 
in the size and shape of the diffractive features, but the theory still falls below the data 
at the largest Q?. This pattern of too-low predictions can also be seen in the inelastic 
data. In Fig. 4 the momentum space wave function W)?(k) for nucleons in the deuteron 
extracted!3 from quasi elastic ed scattering lies considerably above the conventional 2-body 
wave functions above k = 200 MeV/c. Similarly for ?He the Faddeev predictions!4:!5 of 
the inclusive electron spectra at large Q* and small energy transfer (corresponding to large 


internal momentum f) are all smaller than the measurements‘ by factors of 2 or more. 
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These deviations of the conventional models from the high Q? data have been inter- 
preted to be possible due to various deficiencies of the models: not enough high momentum 
components in the wave functions; the need for inclusion of MEC and isobar contributions; 
and relativistic effects. Unfortunately the present status of the conventional models is far 
from satisfactory. We do not yet have a completely consistent relativistic treatment of few 
nucleon structure including meson and isobar currents. In some cases the addition of these 
terms seems to bring the theory closer to the data. However closer examination prompts us 
to proceed with caution. The ad hoc way the higher order terms are presently patched into 
the nonrelativistic theory is open to question.!!:!8 The theoretical results also have a large 
sensitivity to a large number of unknown parameters (nucleon form factors, meson-nucleon 


couplings and form factors, relativistic effects). 


It is also possible that what we are seeing is the slow breakdown of the conventional 
picture and the gradual emergence of the quark degrees of freedom. In the Q? range up to 
4 (GeV/c)? we are looking at a transition region where on the one hand nucleons become 
strongly overlapping at short distances and lose their identify, and on the other hand the 
quarks are moving in the long range region dominated by nonperturbative dynamics. In this 
dual region it is possible that both theoretical pictures will have some approximate validity, 
and that a major goal of our study ought to be to understand one description in terms of 
the other. To make progress in this program we need to continue to develop, if possible, a 
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completely consistent conventional relativistic theory!® so as to have a basis for identifying 
the breakdown and the possible emergence of quark effects. It is also essential to press on 
with more explicit QCD calculations!”—2? of cross sections including the nomalizations in 
addition to the predictions of asymptotic form factors.’ Eventually from intercomparison 
of these competing models and the data we may begin to understand how the constituents 
of nuclear matter at short distance can best be described. Clearly what is needed for 
this program to succeed is extensive high quality data in this transition region. It is also 
essential to make comprehensive comparisons with all available structure function data, not 


just subsets of it. This leads to my third observation: 


C. Much of the necessary electromagnetic structure function data on the nucleons”? and 
the few body nuclei is poorly known or entirely missing. Of all the possible 24 single arm 
elastic and inelastic structure functions for the nucleons and A < 4 nuclei (Gp, and Gag, 
for nucleons, Gc, Gg, and Gy for deuterium, F¢ and Fy, for 3He and °H, vW, Wj for 
all) for Q@? > 1 (GeV/c)?, we have no information at all for eleven of them and in many 
cases the others are not well measured at large Q?. This situation makes impossible the 
kind of comprehensive comparison necessary to narrow the theoretical choices. Consider 


the following cases: 


Proton: In many processes the dominant contributions in the impulse approximation arise 
from terms proportional to Gy. At present for most purposes the error arising from the 2- 
3% error on Gp out to 4 (GeV/c)? is not the dominant uncertainty. However, eventually 
we will need to know Gy, more precisely, especially as we move toward more detailed 
questions about the difference between on-shell and off-shell form factors and the extent of 
distortion of the free nucleons in the nuclear medium. Ggp is poorly know.*! The errors 
at Q? = 2 (GeV/c)? are +20% and nothing is known above 3.8 (GeV/c)”. The lack of 
knowledge of Ggy is a serious problem for nuclear structure calculations in the transition 


region. 


Neutron: The 5% uncertainty® in Gag, out to 4 (GeV/c)? contributes to the overail un- 
certainty of many calculations. As with the proton, eventually we will need more accurate 
measurements of Gy, as our tests of models become more refined. Gp, is very poorly 
known,”° partly because it is nearly zero. The present values extracted from elastic and 
quasi elastic ed scattering have experimental errors of 50% to 100%, and they are subject 
to large uncertainties from deuteron model dependence. There is no data above Q? = 1.5 
(GeV/c)?. This lack of knowledge is a major problem for few nucleon studies. In the 
deuteron A(Q?), for example, large differences are possible depending on which values for 
Gen are assumed.!! Gp, is also of high intrinsic interest because it tells about the charge 
distribution of the neutron. This we now believe to arise from a delicate balance between 
the charge on the +2/3 and the two —1/2 valence quarks and the cloud of ocean quarks 
resulting in a spacial distribution of charge that is not everywhere zero.~° Measurements of 
Gg will provide important tests of nucleon structure. 


R.G, Arnold / QCD Effects in Few Nucleon Systems DEX 


Deuteron Elastic: The major experimental goals here are measurement of the magnetic 
form factor B(Q*) (or Gas) beyond?” Q? = 1 (GeV/c)? and a separation of the charge 
Gc and quadrupole Gg form factors. The Gyy and Go are each predicted in the impulse 
approximation!!! to have sharp diffractive features which get shifted or even totally oblit- 


erated when MEC!® or 6-quark!®™ contributions are included. A major advance in our 


understanding of the relevant degrees of freedom at short distances for two nucleons will be 


made when these functions are measured. 


Deuteron Inelastic: Threshold electrodisintegration of the deuteron is already identified’ 


as a sensitive place to see effects MEC, and this data”? needs to be extended to Q? above 1 
(GeV/c)? to see if the trends continue. In general a complete Rosenbluth separation of the 
longitudinal and transverse response functions from threshold out into the nucleon resonance 


region will be very useful for helping to identify the relevant scattering mechanisms.°? 


Helium and Tritium: Separation of the complete set Fo, Fay, vW2, and Wy in the 3-body 


nuclei over the whole kinematic domain accessible with high energy electrons is essential for 
progress in this field. We have already seen the rich information contained in F., and vW 
for 23He. The magnetic elastic form factors are especially important as they are predicted!2 
to be very sensitive to many ingredients of the conventional models. At present nothing is 
known of 3H above 0.3 (GeV/c)*. Eventually 2H and °He structure function data at large 
Q? will give powerful constraints as the models are required to simultaneously reproduce 


the diffractive features in all the structure functions in a consistent picture. 


In addition to the single arm structure functions, we eventually will need measurements 
of as many of the coincidence cross sections as possible. Of particular interest are mea- 
surements of the type (e, e/p) which can be interpreted in terms of the spectral functions!® 
(convolutions of the initial and final state wave functions). The present measurements”! are 
limited to nucleon momentum k < 300-400 MeV/c and separation energy Es < 60-80 MeV 
primarily by the background of accidental coincidences. For extension of these experiments 


it is essential to have high-intensity high-duty electron beams in the GeV region. 


3. FUTURE EXPERIMENTS 


There are two recent developments in the U.S. that promise to help provide the missing 
data outlined above. First is the recent approval and appropriation of funds for construc- 
tion of a new injector at SLAC. The other is a recent recommendation® by a DOE-NSF 
review panel for construction of a new high duty 4 GeV electron machine in Newport News, 
Virginia, as proposed by the South Eastern University Research Association (SURA). 


The SLAC injector is a project originated by the American University Group at SLAC 
to add a new electron gun and injector near the downstream end of the two mile long SLAC 
linac to provide high intensity (35 A average), good quality beams in the energy range 
0.5 to approximately 5 GeV. The construction project is now getting underway (October 
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1983), and we expect to have beam for testing in early 1985. This new beam will be used 
for a program of nuclear structure measurements using the existing facilities of SLAC End 
Station A. The primary emphasis will be on elastic and inelastic electron scattering in the 
A < 4 nuclei. These experiments will take full advantage of the high energy and beam 
current but do not need high duty factor. An example of the extension in sensitivity is 
shown in Fig. 5 where the Q? range accessible for a measurement of the deuteron B(Q?) is 
plotted. In this case the elastically scattered electrons will be measured in coincidence with 
the recoil nuclei. Similar extension of the separation of Fg and Fy for 3He and °H will be 


possible as well as separation of vW2 and Wj in all these nuclei. 
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FIGURE 5. Sensitivity of experiments pro- 
posed with the new injector at SLAC for 
measurements of the deuteron B(Q?). 
In addition to standard scattering measurements we are particularly interested in the 
possibility to use polarized electrons to separate elastic form factors.°2 In the case of scat- 
tering longitudinally polarized electrons from nucleons, the polarization transferred to the 


nucleons depends upon the form factors: 


Io Pz =~ 2[r(1+7)}1/2 GyGptan(; a) aN Ge conte 


IoP: =2rf(1 ata nt + sin? ( D) Gi, sec G 0) tan G 0) 
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A measurement of the recoil nucleon polarization offers a new experimental method in ad- 
dition to the Rosenbluth method to separate Gg from Gy. It appears feasible to make 
recoil neutron polarization analyzer/detectors based upon elastic np scattering with effi- 
ciency adequate to make measurements of Grp in the Q? range 0.5 to perhaps 2 (GeV/c)?. 
A similar technique using pp scattering could be used to improve the knowledge of Grp 
above 2 (GeV/c)?. It should be noted that for the neutron a measurement of P; is a direct 
signature for Gg, that can be made in a ratio experiment (up-down asymmetry) completely 
independent of models for deuteron wave functions and measurements of neutron detection 
efliciencies or any absolute counting rates. Measurement of Gg, for any Q? > 0 would be 
extremely helpful, and experimenters at low and medium energy electron facilities should 
explore the possibilities for such experiments, perhaps using elastic neutron-helium scatter- 


ing for the analyzer. 


In the case of elastic ed scattering with longitudinal beam polarization a, the cross 


section for ed scattering followed by a second analyzing reaction is: 


do af d°a 
dQdN_ ~— dNdNg 


3 : 1 
{1 += apyAy sin oh) + —pzzAzz 


2 
oF 3 PrzArz cos 9 


1 
ay 6 (Prz — Pyy) (Azz — Ayy) cos 260} 


The term proportional to pz, the vector polarization transferred to the recoil deuterons 
(perpendicular to the recoil momentum and in the scattering plane), is present only when 
the beam is polarized. pz depends upon different combinations of Gg and Gg than does the 
cross section, and it could be measured in an up-down asymmetry in a second scattering 
provided the analyzing power Ay (2/ V3 iT;1) is known. If a recoil polarization analyzer 
were available with full azimuthal symmetry, as for example using elastic scattering from 
carbon with track reconstruction before and after the scattering, then with sufficiently 
accurate data a Fourier decomposition would allow separation of the ¢9 dependent terms. 


In particular the ratio of the amplitude of the sin ¢2 and cos ¢2 components would yield: 


oe 
Pr tj2 Me (Got h 2@ 
pea ths Oy) pits (BE , where 4 4M} 


Before such measurements can be undertaken, it is essential to have more precise and exten- 
sive measurements of the analyzing powers for a suitable reaction. There are now underway 
an important series of measurements’ at Saturne in Saclay on dp and dC scattering that 
hopefully will yield the required analyzing powers and make possible and eventual separation 
of Go and Gg. 


The low duty factor of SLAC (10~*) will not allow performance of any inelastic coin- 
cidence experiments, such as (e, ep). For these we eagerly await the development over the 
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next few years of high duty electron facilities. This will open up a vast new area for experi- 
mental exploration of the inelastic final states and provide much new evidence for discussion 


at future few body conferences. 


4. WATCH FOR SURPRISES 


I conclude with a reminder that we must continue to be awake for surprises that may 
come along to modify our points of view and perhaps reorder the priorities of our experi- 
mental programs. A recent example is the discovery by the European Muon Collaboration 
at CERN,34 and confirmed by old SLAC data,*> that deep inelastic scattering from the 
quarks in deuterium is not the same as in iron. This discovery has sent big ripples across 
the boundary between nuclear and particle physics. The data indicate that the quark dis- 
tributions are distorted when nucleons are embedded in a large nucleus compared to those 
in (nearly) free nucleons. This effect provides an important new signature for quark degrees 


of freedom in nuclei. 


There have been several recent theoretical papers suggesting possible mechanisms for the 
distortion of quark distributions in nuclei. These include nucleon overlap into multiquark 


37 and isobars®® in nuclei, and changes in the effective 


bags, the presence of quasi pions 
mass and radius of nucleons found in nuclei.2? In the region z < 0.2 there are apparently 
effects due to photon shadowing, and the region x > 1 (forbidden to free nucleons) will be 


the place to look for cumulative effects.2!:22,40 


5. CONCLUSION 


The field of high energy electron scattering from nuclear targets is at the threshold of 
an exciting new era. High energy electron experiments are particularly good ways to look 
for QCD effects in nuclear systems because they provide clean measurements of the charges 
and currents carried by the quarks in nuclei. We look forward in the near future to much 
more data that that will provide important new tests of our understanding of the underlying 


quark degrees of freedom in nuclei. 
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FEW QUARK PROBLEMS: A SUMMARY OF THE DISCUSSION SESSION DS2 


C. E. DETAR 


Department of Physics, University of Utah, Salt Lake City, UT 84112, USA 


The discussion session on few quark problems was conducted by posing a few 
questions under four topical headings allowing approximately fifteen minutes 
for each topic, follwed by a fifteen minute period for topics chosen by the 
audience. Each prearranged topic was introduced with a brief discussion by 
the rapporteur (i.e. the provocateur). What follows is my reconstruction of 
the discussion. I have inserted a few editorial remarks and placed them 


in brackets. 


1. HADRON-HADRON SCATTERING IN BAG-LIKE MODELS: Matching the short range quark 
component and the long range hadron component. 

It is generally agreed that the short range hadron-hadron interaction should 
be described with quark and gluon degrees of freedom, whereas the long range 
component is most economically described with hadronic degrees of freedom. 
There are, of course, differences in opinion about the dividing line. In order 
to calculate scattering amplitudes or phase shifts it is necessary to have a 
satisfactory description of the hadron-hadron interaction at all ranges. Bag 
models attempt to describe the short range quark component in a framework char- 
acteristic of QCD, but it has not been possible to compute bag model phase 
shifts without embellishing the model with elaborate assumptions!. An alterna- 
tive approach has been to find methods for matching a long-range two body 
hadronic wave function on to a short range quark-bag component. To construct 
the quark component and keep it at short range, it is necessary to introduce 
an artificial constraint. In the P-matrix approach of Jaffe and Low it was 
intended to impose a constraint that corresponds approximately to a sharp bar- 
rier at a hadronic separation comparable to the bag radius, requiring the 
matching exterior wave function to have a node at a scattering energy equal to 
the energy of the interior "primitive" state, i.e. the P-matrix is required to 
have poles at these energies. [The P-matrix poles are related precisely to 
nodes in the relative hadronic wave function and therefore to interior eigen- 
states with a sharp barrier in the relative coordinate. This barrier should 
not be confused with the bag boundary, which limits the extent of the one-body 
quark wave functions. In fact there is no precise way in the bag model to 
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introduce a barrier in the relative coordinate. Therefore, one is limited to 
an approximate relationship between the bag size and the separation at the 
node.] Two other approaches have been proposed recently. Henley, Kisslinger, 
and Miller hope that it may be possible to define a conserved baryon current in 
the relative two quark cluster coordinate, and from current conservation they 
relate the normalization of the quark component to an expression involving the 
exterior hadronic wave function at the matching surface’. [Their approach is a 
promising start, but more work needs to be done to ensure that a particular 
choice of the interior quark wave function matches in all respects and not just 
in normalization.] Kim and Orlowski have similar ambitions, but require fur- 
ther assumptions to reach their conclusions‘. [Their assumptions appear to give 
an undeserved physical status to an artificial constraint. ] Simonov introduces 
a coupling to the interior quark “channel” and obtains the P-matrix phenomeno- 
logy, and he also obtains an explicit effective two hadron potential°. 

In all P-matrix applications to date the phenomenologically determined prim- 
itive energies are compared with quark primitive energies that are taken from 
bag model calculations with all quarks placed in the spherical cavity S1/2 orbi- 
tals®. Such a constraint corresponds to an arbitrary truncation of the Hilbert 
Space without reference to any physical observable related to an interhadronic 
coordinate. The resultant state is in no sense an eigenstate of the cavity 
hamiltonian. One could argue that merely restricting the six-quark configura- 
tion to a spherical cavity, but allowing any orbital configuration, comes closer 
to a geometrical restriction on the interhadronic separation. Indeed in the 
six-quark problem it has been found that the energy of the spherical state is 
substantially lowered by mixing in the configurations Sa ae in the Young 
symmetry class Paso yi Similar results are obtained in nonrelativistic quark 
models®. Thus we come to the question: 


"Why do we use 6 [6] when Sie [4,2] is important?" 


The answer must, of course, also deal with the question, how should we formu- 
late the constraint so that it corresponds to a restriction on the "relative 
separation" of three quark clusters? My opinion is that the constraint should 
be formulated in terms of physical observables, such as moments of baryon charge 
densities, rather than by manipulating wave functions. Constraining the qua- 
drupole moment, for example, is preferable to truncating the Hilbert space or 
to measuring the separation of two centers that serve only as a reference point 
for defining a set of basis wave functions. 

In the discussion that followed, Simonov and Lomon stressed the utility of 
the P-matrix as a phenomenological parameterization of the low energy scatter- 
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ing data. In Lomon's view the phenomenology serves as a guide for distinguish- 
ing among different approaches to defining the constraint; he also cited his 
recent successful treatment with a reduced bag radius and the 56 configura- 
tion?. More pertinent to the question of configuration mixing per se, Viollier 
commented on the repulsive character of the S Rilo (as opposed to SIP 720) 
configuration based on his recent work and Duck expressed concern that the P 
orbitals of the cavity might be contaminated by spurious c.m. translational 
modes, the true orbitals having much higher energies, thereby putting these 
configurations out of action. The latter remark is easily answered by noting 
that the removal of spurious modes is done at the level of configurations and 
not orbitals. The translation operator has a Young symmetry [6] and when acting 
upon the s® [6] configuration results, again, in a [6] which is orthogonal to a 
see 

A question of great importance to the matching of relative wave functions is 
BESS 


"What is the relative cluster coordinate and how do we determine the 


relative nucleon-nucleon wave function for six relativistic quarks?" 
A related question: 


"Is there any unambiguous meaning to the concept ‘wave function for the 


hidden color component'?" 


In the discussion it was observed by Redish that the same question arises in 
non-relativistic, non-confined problems and it still has not been resolved in a 
satisfactory way, although there have been promising developments. Simonov 
remarked that at least for intercluster separations less than 1F there is no 
unambiguous definition, making matching hopeless, and requiring the sort of 
procedure that he adopted. [Miller's contention (expressed outside of the dis- 
cussion) was that the ambiguities in the NN wave function are certainly less 
severe at large cluster separation and that some sort of cluster model wave- 
function should do. The reader should also note the talk by Schmid on related 
questions in non-relativistic problems. +] Concerning the hidden color compo- 
nent, Brodsky remarked that evolution equations for the amplitude of the elas- 
tic charge form factor at high Q2 show that the [6] dominates by powers of 
log Q@ over the [4,2] in determining the high Q2 component." The hidden color 
component of the [6] is defined naturally by the fractional parentage coeffi- 


cient expansion. 
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2. HADRON-HADRON INTERACTIONS FROM POTENTIAL MODELS: THEORETICAL UNCERTAINTIES 

If we want the non-relativistic and quasi-relativistic two-body potential 
models to reflect properties of QCD, then we should be concerned about the 
following problems. Constituent quarks are extended objects (they include a 
gluon field, etc.) and as such their "masses" are undoubtedly dependent upon 
their environment--i.e. different for mesons, baryons, and NN--indeed, in the 
NN interaction they may depend on the cluster separation. Moreover, extended 
objects may be subject to non-local interactions, and many quark interactions 


may be important. The question posed was 


"In view of the above mentioned theoretical uncertainties, aren't there 
Jarge uncertainties in the predictions of these models? In particular, a 
predicted bound state may just as predictably be unbound. Phase shifts may 


be off by many degrees." 


In the ensuing discussion an objection was raised regarding the importance 
of size effects--mesons and baryons may well have the same size [although the 
case of two separating hadronic clusters may pose special problems]. The dis- 
cussion was further stimulated by Simonov, who asked why we should believe 
these models at all, since we know that the QCD vacuum plays an important role 
in confinement, and it is certainly not manifested as a two-body interaction. 
Heller remarked that in the bag model for heavy quarks the confining part of 
the interaction is a many-body potential. Richard also cited evidence for non- 
locality from the bag model.42 Moravcsik commented that the potential model 
or additive quark model works remarkably well, but unjustifiably so--the reason 
remains a mystery. Pirner cited recent work on low energy K*N scattering in 
a potential model, where again the model seems to be working surprisingly 
well.43 kK. F. Liu, claiming there was no mystery, said many of the successful 
predictions (e.g. static properties of hadrons) were based on simple, general 
principles. Coester also defended the utility of the model, saying at least 
they admit the possibility of describing states in a Poincaré invariant frame- 
work (in some sense). Thomas recalled work by Shuryak that attempted to justify 
the non-relativistic model from QcD.!4 [Models with two-body confining inter- 
actions also produce unwanted van der Waals forces. Yazaki described a new 
approach that avoids this difficulty.15] Finally, in response to a question, 
whether the potential models didn't indeed follow from lattice calculations, 
Kuti observed that what is known is based on quarks of infinite masst6, a 
result perhaps appropriate to bound states of heavy quarks; nothing is known 
about potentials for light quarks or whether the concept is meaningful. 
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3. THE RELATIVISTIC FEW BODY PROBLEM 
If we take the point of view that quarks are light enough that a relativis- 
tic potential model treatment is required, then we ask 


"How do we (or should we) formulate a model with a ‘reliable’ wavefunction 
of the relative coordinates, where ‘reliable’ means incorporating confinement 
and other QCD features?" 


Kuti asked why one should even be posing such a question for quarks, since 
it is unlikely that we can get such a model from QCD. In defense of the 
approach Mitra argued that because we can't have the perfect model, we must 
make tactical concessions, and cited his work on the Bethe-Salpeter equation 
with a confining interaction!’?. Coester commented about his work with Polyzou 
that shows some promisel8, Gross speculated on the possibility that a 1/q4 
interaction could easily be handled in a relativistic calculation, but, as 
Bolsterli observed, it would lead to long range van der Waals interactions. 
NamysJowski was optimistic that the Weinberg light-cone equations could be 
generalized to include a confining term, following his recent work. Brodsky, 
even more optimistic, thought that ad-hoc confining terms were unnecessary, 
since there already is an exact, consistent light-cone formulation of QCD that 
should, in principle, give a correct Fock-space description of bound statesl9, 
Further discussion of this topic took place in session DS3. 

A second question under this topical heading dealt with the problem of cor- 
recting for the c.m. motion in the bag model. In the cavity approximation to 
the model the usual shell model problem arises: the states are not eigenstates 
of the total momentum. This is an old and well-known problem, but is repeated 


here: 
"How do we remove effects of the bag c.m. motion? How accurately?" 


[In a contribution to the conference Goldflam and Betz describe a novel semi- 
classical procedure for correcting the charge form factor of a soliton bag for 
recoil effects.19 The method does not, however, carry out a proper quantiza- 
tion of the total momentum and apparently ignores the momentum spread due to 
localization.] In the discussion Bolsterli remarked that in principle the 
soliton bag model permits a solution to the problem, but Kuti observed that 
such a solution exists only for very low momenta. The problem of quantizing 
the soliton in three dimensions has been with us for a decade and remains 
unsolved. Liu recalled a Peierls-Yoccoz technique for the bag model--one of 


several phenomenological approaches requiring added assumptions. 4 
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4. ASYMPTOTIC NUCLEAR FORM FACTORS AND THE EMC EFFECT 

Quarks and gluons should certainly manifest themselves when nuclei are 
probed at short distances--e.g. in elastic form factors and in deep inelastic 
scattering at high Q2. At lower values of Q2 a description in terms of hadronic 
degrees of freedom is more economical. The question, slightly rephrased from 


the original is 


"How far can we go in Q2 with conventional hadronic degrees of freedom before 


we are fored to accept a quark model description?” 


The discussion dealt with the “EMC effect" and the elastic form factors. 
The EMC effect refers to an apparent A-dependence of quark momentum distribu- 
tions in nuclei.2¢ The deep inelastic lepton scattering structure function at 
a given Q2 for a large nucleus, say 56Fe, is compared with that of a deuteron 
at the same Q2 and the same value of a scaling variable x, defined so that a 
nucleon at rest in the nucleus has x=l. The ratio of the iron to deuteron 
structure functions, renormalized by a factor of 56/2 would be exactly 1 if the 
nucleus consisted of a loose collection of A nucleons at rest with respect to 
each other. However, because of Fermi motion, the range 0<x<A is kinematically 
allowed. Experimental results are shown in figures 1-2 including experimental 
results of the Dubna group presented in the discussion by Baldin.¢3 For x<l 
there is an apparent enhancement at small x and depletion at large x. For x>l 
there is again an enhancement. Several phenomena could produce these effects. 
There are violations of Bjgrken scaling. Thus, it may be appropriate to compare 
the data at different Q2, as suggested in the discussion by Close.24 Pirner 
mentioned his work with Nachtmann, which attempts to justify an explicit rela- 
tionship between the nuclear radius and the scale change. 2° Indeed much of 
the effect for x<l can be accounted for in this way. The effect can also be 
explained in part by supposing that there are more pions per nucleon in the 
nucleus compared with the deuteron. Since the pions would tend to enhance the 
low x region, a higher x region would be depleted by momentum conservation. 
Various authors have attempted this approach. Coester commented that from his 
work it was not possible to account for the whole effect in this manner.¢® 
Close asked whether the results of Coester et al. didn't conflict with those 
of Llewellyn Smith’. Thomas answered that he thought the calculations agreed, 
but that the interpretation of the discrepancy was different, with Coester et 
al. insisting upon a stricter reading of the experimental error bars.¢8 [A 
further complicating factor, not brought out in the public discussion, but 


developed in private conversations, is that all of these calculations have 
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The ratio of the nucleon structure functions The same ratio as in Figure 1, 
F measured on iron and deuterium as a func- compiled by the Dubna group23, 


tron of x = 0 (2M, v from the EMC collection@@. The structure functions labeled 
Tm are reconstructed from pion 
fragmentation. 


assumed that the pions and nucleons behave as naive partons--i.e. that they act 
incoherently. 29 Because they are composite objects, it is probably important 
to take into account interference terms in calculating the square of the nuclear 
and pion "wave function". These "shadowing" terms could lead to a growth of 
A2/3 as opposed to A in the contribution to the structure function for smaller 
values of x, depending upon kinematic considerations. The net result might give 
a trend opposite to what is observed. Thus the theoretical situation is some- 
what confusing at the moment.] At x>1l the enhancement can be explained as due 
to multiquark clusters. Vary cited his work with Pirner.39 The effect may also 
be accounted for in conventional language by modifying the momentum distribu- 
tion of nucleons in the nucleus, giving more nucleons with high momenta. The 
reaction eA + ep (A-1) is also sensitive to this high momentum tail, puts re- 
strictions on it, and probably does not allow the whole effect to be explained 
in this way. 
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As for the elastic form factors, Sick despaired of ever reaching a suffici- 
ently high value of Q2 that the asymptotic forms would be valid, since, for 
example, in the deuteron, Q must be absorbed by each of six quarks, and Q/6 
should be larger than at least the mean Fermi momentum. Brodsky replied that 
by dividing by the appropriately scaled nucleon form factors to get the 
"reduced form factor", these problems disappear and we can use Q2>1 Gev2. 
Vary observed that the current studies leading to a theoretical determination 
of the normalization of the asymptotic form factors should put constraints 
on the multiquark clusters in his and Pirner's mode? and might allow a deter- 


mination of the form factors over the whole range of Q2, 


V. MISCELLANEOUS 

The miscellaneous session was devoted to topics proposed by the audience. 
The audience chose to devote a substantial portion of the session toward fur- 
ther discussion of the fourth topic above. Three further items were discussed. 

Thomas proposed the question, "What is the pion, a collective state or a 
QQ state?", remarking that lattice gauge theories should give some hints. 
Weise, noting his work with the Regensburg group, observed that if the pion 
is to be a Goldstone boson, it is a collective state. 3 

Rinat, taking Brodsky's optimism about the QCD light cone evolution equa- 
tions literally, pleaded with him to give us NN wavefunctions and to relate 
higher quark clusters to pairing forces. Brodsky remarked that we are close to 
knowing at least the part of NN relevant to the high 92 elastic form factors. 

In his talk earlier in the day Kuti reviewed recent evidence from lattice 
gauge theories suggesting that the QCD renormalization scale A should be 
increased by about a factor of two over the old value. The new value of 
iy the ratio of the lattice QCD renormalization scale to the square root 
of the string tension is 0.011 + 0.003.32 In the miscellaneous session 
Schierholz mentioned his recent work calculating hadron masses using “staggered 
fermions" in the "quenched approximation", showing that the results are 
consistently interpreted using the old value of a. 33 
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1. INTRODUCTION 

At the time of the Eugene Conference in the summer of 1980 the core of 
accurate pion deuteron scattering data was formed by the very precise (1- 
% accuracy) total cross-sections obtained at SIN in the range T= (Ol 
370 MeV and by extensive md differential cross-sections also from SIN?, 
which were available as preprints. These were complemented by some measu- 


3 


rements at backward angles” and 180 degrees* in the same energy region 
and by a few data sets at lower (25 and 47 Mev’) and higher (up to 

Sl Mev?) energies. Polarization data were limited to a single deuteron 
tensor polarization t,, (180°) measurement at 140 MeV from a pioneering 
work done at LAMPF9. Elaborate calculations within the Fadeev equations 
formalism were in good agreement with the experimental data up to 

u ~ 180 MeV but there was (and there is still’!) discrepancy, at and 
above 256 MeV. At about the same time a surprising behaviour was confir-— 
medwins the polarized proton—proten total cross Sections as a function! of 
energy!”. Although the detailed Nucleon-Nucleon (NN) data were subject to 
some controversy the undisputed conclusion was that NN polarization para- 
meters could vary very fast with incident energy (even when unpolarized 
observables had a relatively smooth behaviour) and that they were very 
important for the understanding of the underlying dynamics. Most naturally 
deuteron polarization data were called for in ™d scattering. The last three 
years have been dominated on the experimental side, by the advent of a 
wealth of polarization data and on the theoretical side, by a dispute over 
their interpretation in terms of dibaryon resonances. Since the latter sub- 
ject is treated by M. Locher at this conference’! we shall mainly concen- 
trate on experimental problems which are serious enough to deserve a cri- 
tical examination. In section 2 we review the experimental situation for 
cross-section data and examine the consistency between available data sets 
We then analyze some recent results on 1 d comparison and their relation 
with charge symmetry breaking. Polarization data are reviewed in Section 


3 and discrepancies between tensor polarization data sets are discussed. 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
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A comparison with some theoretical models is made in Section 4. 


2. DIFFERENTIAL CROSS-SECTIONS 


2.1. Consistency between different data sets : 
Around 80, 120 and 140 MeV, the 180° measurements of Holt et al are 
4 


consistent with lower angle dave and, for 142 MeV, with Stanovnik et al 
aE - 
(CERN). At 143 MeV. 7 -d cross-sections have recently been published by 


Masterson et ae and they are in very good agreement with Gabathuler et 


a1 SIN (figure 1). 
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At 180 MeV the CERN data” fall somewhat below the SIN data’ and the 
180° pointwof Frascaria (et al. At 254 MeV the backward CERN data” extra- 
polate well from the SIN data? but they are in disagreement by a factor 


of 2 with the 180° point?. At 292 MeV new data by Minehart et ais are 


again in excellent agreement with the SIN data’. 
In conclusion the experimental situation for 1d differential cross-— 

section is very gratifying with an impressive agreement between data 

obtained at different labs (LAMPF2? 12:13, SIN2?3 and CERN“) 


methods (spectrometer or recoil techniques) except at 180° where the direct 


with different 


measurements of Frascaria et ale lie somewhat higher than straight extra- 
polations of the CERN4 backward angle data. In view of the availability 
of extensive polarization data triggered by the great dibaryon hunt, some 
backward angle (130-180°) cross-sections would be worth remeasuring. 

2.2. Tests of charge symmetry 

Charge-independence breaking (CIB) effects are most readily observed 
in the 3.3% difference between the 1 mass (139.57 MeV) and the 7° mass 
(134.96 MeV). Charge symmetry breaking (CSB) is more subtle as apparent 


in the much smaller mass difference between the neutron and the proton 
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(m, -m) / Salt m.,) = 0.14% 
(the fact that m+ = mm. is not due to charge symmetry but to TCP 
invariance since m* and wm are anti—particle to each other). 

Further confirmation from CIB comes from the large difference between 


1 
np and pp (Coulomb corrected) os scattering lengths. A recent estimate by 


Henley!” gives (in fermis) 
4: 


anp = — 23.715 = 0.015 
abe 
Hae ep Se eh eee 
a Aa o : 
a 7022 2) OF OiT 
an (Coulomb corrected) = (= 17.2 + 3.0) 


Onmiunewotheruitana ihe near equality iof ase and aap (Coulomb corrected) 
is compatible with no CSB within large uncertainties on ae coming from 
the analysis of 3-body final states and on ao coming from electromagnetic 
corrections. Since the uncertainty on the pp Coulomb correction, as quoted 


1S 


bysthe same author. has been multiplied by 1-5 im ten years, there is 
not much hope to find some CSB evidence from this system in the near 
future. Another approach is a comparison of binding energies in mirror 
nuclei which seems to leave some differences not accounted for by Coulomb 
effects '“ (e.g. Sue) Dutsunlevameed stompeconiimmec mp ya Ounermoouncesr 
Comparisons of ™’ d and 4d cross-section provide a sensitive test of 
CSB since electromagnetic corrections might be easier to calculate for 
scattering systems than for bound nuclei. Indeed evidence for CSB has been 
found! in total ae d total cross-sections were asymmetries A = Bie on 


of the order of 3-8% have been deduced after Coulomb and ers ee 


nuclear Coulomb interference corrections. 

Two precise comparisons of ns d scattering at 65 Mev © and 143 Mev? 
have since been published. At the lowest energy Coulomb effects are impor- 
tant which result in large experimental asymmetries but also in a greater 
dependence of CSB to electromagnetic corrections. The results shown in 
figure 2 are compared with theoretical models : Fadeev type 3-body calcu- 
ie denee 2 (curves a and b) and single scattering via A -isobar excita- 
tion)! (curves c and d), all including Coulomb corrections. These calcula- 
tions reproduce the overall asymmetry shape except in the 90°-110° region 
but since they do not fully fit the separate and x data inthis angu- 


lar range it is too early to talk of evidence for CSB from this result. 
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FIGURE 3 
Difference between ™+ d andm d total 
cross-sections as function of incident 
energy! after electromagnetic correc— 
tions 


FIGURE 2 a 
Asymmetry parameter in d scatte— 
ring at 65 Mev16, The curves are 
Bia» (deg) deseribed in the text 


The energy of 143 MeV may be more adequate for CSB studies for multi- 
ple reasons 1) Coulomb effects are weaker and electromagnetic corrections 
should be less critical, 2) theoretical modelg-> 2! reproduce well the expe- 
rimental cross-sections and 3) at this energy the largest difference was 
found in ta total cross-section measurements! (figure 3). This feature is 
probably related to the fact that at these energies md scattering is domi-— 
nated by excitation of 4-resonances in intermediate states. To lowest order 

n'd scattering is then dominated by hams) and A ‘(m'n) excitation ; 
1 d scattering by b° (9p) and 4 (mn) excitation. Since the masses of 
the A-isobars are not the same in different charge states, they must con- 
sequently produce CSB effects. The angular distribution of the asymmetry 
parameter A is shown in figure 4 where it is compared to Fadeev calcula-— 


tions with different ingredients (deuteron wave-function, pion absorption, 


010 
etc...) all including Coulomb 
008 1 
elfects. 
006 
ole 
t}4 004 
ble FIGURE 4 
ee |! Asymmetry parameter A(@) at 143MeV 


compared to 3-body calculations 
with external (c = 0) and internal 
Coulomb corrections 
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When assuming charge symmetry of the Strong Unieraction (curve C = 0) 
: Ww 
the large forward angle asymmetry and overall shape is satisfactory repro- 
duced with external Coulomb corrections except for the angular region 
ey = 90®*-110°. A better fit is obtained if one allows CSB by varying the 


mass of the intermediate A isobar through the isobar mass difference para- 


meter Co = W -W oe oe where WS Wee IBIAS. en! ine A anidse 


4+ 3 
on. The best fit is obtained for on = 4.3570.50 MeV in very good agreement 
with the value of 4.6-0.2 MeV obtained in the total cross-section compari- 
oe On the 


) 
other hand Rinat et a concluded to no CSB evidence from a recent 


son. and with quark-model predictions of 4.3 Mev-" or 3.9 MeV 


analysis of the same data so the problem of data interpretation in terms 
of CSB is essentially a theoretical one. 


Since the m d vector-analyzing power iT (Q@) is well fit at this energy 


by theoretical 3—body calculations (see fe 3) a precise - comparison 
for this parameter would bring useful complementary information. One set 
of accurate a d cross-section data at an energy over the (3,3) resonance 
(e.g. around 260 MeV) where Coulomb effects would be even smaller could 
also be helpful. 

Finally it should be stressed that at this high level of data precision, 
radiative correction might become significant as emphasized by Saghai in a 
BEEeMIE cole mt toe At 200 MeV effects up to 4% have been computed for 

nd scattering and 7% for m d scattering which, if not corrected, would 
result in a 3% false = asymmetry. 

Imsconclusten 1) there exists’ a fairly extensive body of accurate cross— 
section data over the region 25-500 MeV for which, except for some minor 
discrepancies, good agreement exists between different data sets, 2) precise 

1d comparisons are available for total and differential (at 65 and 143 
MeV) cross-sections, 3) the raw data exhibit large n/t asymmetries, 
mostly explained by external Coulomb correction, 4) after removal of elec- 
tromagnetic effects, asymmetries at the level of a few per cent are still 
present and they can be parametrized with different masses and widths of 
the A-isobars in different charge state (inner electromagnetic corrections). 
3. DEUTERON POLARIZATION MEASUREMENTS 

Besides total and differential cross-sections two spin dependent parame- 
ters have been studied, namely the vector analyzing power iT,, (@) and 


lab : ‘ 
tensor polarization parameter to (Q). Following the Madison Convention 


analyzing powers T (Q) are deduced from asymmetry measurements with a 


kq 
polarized deuteron target and tk (9) are polarization parameters of the 


recoil deuteron in scattering of pions by an unpolarized deuteron target. 
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3.1. Vector analyzing power iT,, (0) 

An impressive set of data has come out from the Karlsruhe-Erlangen-SIN 
eolebevation =o. The first data were obtained at 142 and 256 MeV. The 
142 MeV data showed a smooth angular behaviour in good agreement with 


IG SZe 


available theoretical calculations ;on the contrary the 256 MeV exhibi- 


ted marked oscillations (figure 5) which were predicted by Kubodera et 
al?! if dibaryon resonance amplitudes were added to 3-body Fadeev ampli- 
tudes.,Although there were some difficulties to understand both the 142 MeV 
and 256 MeV data with the same theoretical assumptions, these results 
caused a great excitement and prompted some new measurements which ex- 


tended the angular and energy range. 


142 MeV 


256 MeV 


25 FIGURE 5 
Earlier iT,,(0) data at SIN°~. The dotted curve is a calculation without ex- 


el dibaryon, for the solid curves diverse dibaryon resonances have been 
added. 
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FIGURE 6 
New iT,, (0) data from sIN‘* (preliminary) 
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Apart from a renormalization of the complete set of data by a factor 2/3 
coming from a different definition of the target polarization, the new data 
(figure 6) essentially confirm the previous ones except for the single negative 
point at 256 MeV and 130° where iT, is now all the way positive. This changes 
somewhat the picture since it removes the wild backward oscillation which caused 
so much speculation. The new data are still not reproduced by existing calcula- 


tions up to 90° but there is now more hope to understand these data. 


3.2. Tensor polarization 

: ; : lak 

The tensor polarization parameter nae (Q) is measured by double 
scattering techniques. The pion beam first hits an unpolarized deuteron 


target (CD, or liquid deuterium). The pions are scattered at an angle 


lab 


aS in the lab system to which 


TN cm ; 
corresponds an angle 0, (in short 


Oink tesco. systema (imeuieen i 
The deuterons recoiling at an angle 
vee are focussed by a system of 

Tl quadrupole lenses onto a secondary 
gaseous ~He target where they initia— 


SHe(d, p)“He reaction. The 


ime) icles 
outgoing protons are detected at 0° 
in scintillator telescopes and/or 

Si(Li) detectors. The parameter tee 


is extracted from the relation 


FIGURE 7 i: lab Fs 
Definition of the scattering angles erste lla "90 re) T49 (0 ) 
in the measurement of oe (Q) where €9 and € are respectively 


efficiencies for an unpolarized or a 


: T 49 (0) is the ana- 


lyzing power of the SHe(d, DyeGede— 


polarized beam 


tion which is known to be large in 


this energy region29. In order to determine the effective efficiency of the 
polarimeter!” one has to make an experimental calibration at a low-energy 
machine (Berkeley cyclotron or SIN injector) where e«, , € and To (8) 

(effective) are measured with a deuteron beam having a well known polari- 


zation too 4 
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Experiments have been done in 
two independent labs using the same 
type of polarimeter but differing in 

The latest results of 
at 142 MeV and 256 MeV 


some details. 
lakollit, Git a" 
are shown in figure 8. They confirm 
previous data by the same group. 
All values are negative and have 
both a smooth angular and energy 
dependence. Althoush the aoréement 
with 3-body calculations including 
absorption, is not perfect the over— 
all trend is reproduced by most mo-— 
dels (with the exception of the cal— 
culations of Betz and Leos is 

The other set of data has been 
Obtained at olN bya va Zumieh  orenpr 
In a first measurement at 138 MeV 
(later corrected for 134 MeV) a strong 
positive oscillation was found betwem 
130° and 180° which, except for the 
150° point, could have been in some 
agreement with the LAMPF data. 


ae 
Subsequent measurements°“’9> 


confir-— 
med the first oscillation and exhibi- 
ted a second positive oscillation, now 
in definite disagreement with Holt's 

results (figure 9). These oscillations 
are smoothed out at 117 and 151 MeV 
although the overall trend is still 

positive as shown in the excitation 

function at 150° (figure 10). Both 
sets of data can only be exactly 


compared at 142 MeV where 
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too (150°) = + 0.35 + 0.05 for the SIN data which cannot be reconciled 


with to (145°) = - 0.65 * 0.05 for the LAMPF data. 
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FIGURE 9 35 
tog (Q@) at 117 MeV and 134 MevV~ 
(énergies corrected by the authors) 
Black dots are SIN data34 and 
open circles are LAMPF data at 
142 MeVS!. The solid curve is a 
puLde tor the eye ioniliy. 


In conclusion there is a clear case of data incompatibility in the mea- 
surement of ake) around 140 MeV which can only be solved by further 
measurements. 

These measurements should better control the experimental conditions (e. 
g. extensive use of MWPC's to better trace the apparatus acceptance and 
check for any accidental losses). The results of an experiment proposed at 
TRIUMFS° 


interest. A strong improvement would be to use a polarimeter which does 


, although using the same polarimeter technique, are awaited with 


not rely on absolute yields but on asymmetry measurements. 
4. COMPARISON WITH THEORY 

4.1. Introduction 

Pion (spin 0)- deuteron (spin 1) scattering is completely described bya 
3x3 helicity amplitude matrix M(Q). If one takes time-reversal invariance 
and parity-conservation into account only 4 complex amplitudes are inde- 
pendant but they are related through an overall phase so that 7 indepen- 
dent experiments are required at each angle and energy to fully determine 
the scattering matrix. We are far from this goal since only the cross-section 


a2 (9) and two spin parameters iT,, (0) and Bo) have been measured 
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over a limited range of angles and energies. They nevertheless bringe mises 
ful information on the reaction dynamics through a direct comparison with 
theoretical models or through a phase-shift analysis (PSA). These two ap- 
proaches have a common feature : they don't impose dibaryon contraints as 
a Sichianec 

i. 2 bheoretical models 

There are now many teenie: a2 which are : exact (unitary in two 
and three body channels), relativistic (they are potential theories but ful- 
ly covariant) and realistic (in the way NN and fN interaction are taken 
into account). They all include pion-absorption through the 1N Pia pole 
term, so they can treat md * d, rd = NN and NN + NN (long and medium 
range part) on the same footing. These calculations contain dibaryon effects 
only if they are generated by the input »N and NN amplitudes (e.g. 
through NN + AN intermediate states). There are a few groups working 
independently and an impressive feature is the agreement between the dif— 
ferent calculations despite the complexity of the computational problems and 
differences in input (parametrization of the » N and NN amplitude, NN 
vertex form factors, inclusion or not of , -exchange ete are) hs 

As can be seen’? in fieunre Wily the aoreement isi very ceed wwith the 
142 MeV data, marginal at 180 MeV in view of the uncertainty of the back-— 
ward angle data, (see Section 2.1.) and definitely bad above 90° at 256MeV. 
The same conclusion could be drawn from all 3-body calculations. One inte- 
resting fact is the better agreement when the Pj] 7«N pole term, responsi— 
ble for pion absorption, is neglected. There are at least two independent 
confirmations of this feature 1) in a phase shift saat including 


iT 14 (Q) at 142 MeV and 256 MeV but not tog it was found that the ae = 


° i! ; F 
fy (S,) and 1. (ee amplitudes which are most sensitive to absorp-— 
tion effects were experimentally closer to the no-absorption theoretical va- 
lab 30 


lues, 2) more recently the too data obtained by Holt are also better 
reproduced by no absorption calculations. This converging evidence deser- 
ves more attention from the theoreticians. 

Concerning iT, y> the same satisfactory agreement is observed at 142MeV 
(figure 12) which does not persist at 256 MeV and above. There may be two 
types of explanations for this discrepancy 1) assume that the theory is 
essentially correct but that some ingredients are lacking, e.g. pion-nucleon 
Pag) Pay or higher partial waves, which become more and more important as 
the energy increases, 2) suppose that some dynamical effects are missing 
from the theory (e.g. exotic dibaryon states not mediated by standard ,N 


and NN interaction) which are then added to 3-body amplitudes (but some 
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care has to be taken with unitarity 
since Fadeev amplitudes are them- 
selves unitary). 


\ The agreement of all 3-body cal- 
10 » 10 


\ culations at low energy is consistent 
142 MeV 


with a large oh amplitude with coun- 
terclockwise Argand plot. This beha- 


viour has been sometimes associated 


> with a er Giibiansyom sate 2 li anGev 

€ 10 (which correspond to c ~140 MeV) 

Ss with width Tr ~ 75 MeV. There seems 
4 

S 180 MeV now to be a consensus in favor of an 


10 ciicer due Mion ine wopemi nia ot mtiae 
S -wave NA channel. Concerning the 
discrepancy at higher energies more 
investigation are needed both experi- 
mentally (e.g. forward angle polari- 
zation data would be useful) and 
theoretically before deciding in favor 
of exotic phenomena. One step in this 
Gimecnion wisi al Gecemt scontel bution aia 
43 


fe) 30 60 90 120 150 180 which Rinat shows that some oscil-— 


Oc.m. (deg) latory behaviour for T,, (9) can be 

FIGURE 11 generated at 256 MeV by using the 

Comparison of 3-body calculations!” cloudy bag model to calculate md 
with d differential cross-sections 


The solid line includes pion amplivudes: 


absorption, the dotted line does 

not 

4.3. Phase shift analysis (PSA) 

In a PSA exotic phenomena would appear in the behaviour of the expe- 
rimental phase-shifts (or amplitudes). There are currently 3 PSA including 

Q 
some of the most recent polarization data. Hiroshige et al” trieds Lomi 
earlier SIN on data together with the LAMPF data pomts although they 
somewhat disagree. Moreover there was an error in their calculation of too: 
Since the scattering matrix is usually defined in the c.m. system it is ne- 
: lab ; : 

cessary to derive the parameter t5, as a function of the polarization in 
the cm system of the deuteron obtained by a rotation 8 = (ger - a") of 


the quantization axis around the perpendicular to the scattering plane 


Cistines 7) Onemgets 
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lab 1 Z cm Choe cm ; 
too (@) = 5 (8cos 6B - 1) t59 (9)-(5) sin 2B toy (Q)+( 


If the pion cm angle 9 is counted positive counter-clockwise, then the 


See ond cm 
2 
Ne calgans (3 too (Q) 


nile 
Nees) 


angle 8 is algo positive. This formula was first derived im ref. 31 (in 
which the angle «a is counted negatively). Unfortunately due to a prin- 
ting error the exponent 1/2 was missing twice and although the error was 
Comeaceicercl Way Elia erratum’. it apparently escaped the attention of the japa-— 
nese aroup.-. Their results at 142 MeV are then doubtful otherwise the 
amplitudes (J = 2, l.= Lb’ = 1) and (j = 3),L =L° = 2)) which couple ie 
the a and 3 


2 
show counter-clockwise looping. A K-matrix analysis of d+ ad, pp+ pp 


F. NN states have a fairly smooth behaviour with energy and 


and pp > nd amplitudes concludes to a pole in the 'Dp-state at s = 0756730) 
MeV with total width fr = 173 MeV which is dynamically related to the 
NA channel. Gruebler et al have performed a PSA of their results around 
140 MeV and they reproduce this fast variation of ad between 117 and 
151 MeV. They suggest that this behaviour is the signal from a dibaryon 
resonance not compatible with effects of the well-known NA -resonance”> 
but give no resonance parameter assignment. 

A third psa°? 


most recent polarization data. Three-body amplitudes are used as inputs 


includes total and differential cross-sections and the 


for the high-partial waves in the same way OPEP was used in nucleon- 
nucleon PSA to constrain the long-range part of the NN interaction. The 
conflicting tae (9) data were analyzed separately. If Holt's data are 
used a smooth behaviour is obtained in all-partial waves resulting in 
counter—clockwise looping with widths 100-200 MeV which can be interpreted 
as pseudo resonances in NA intermediate states“? , When Gruebler's data 
are included at 142 MeV, many amplitudes (including the dominant ones 
iow ywimiein I, = Ib? = || -1) have to be drastically changed from the theo- 


welical values to get lan acceptable fit (figure 12)e 9 Tis difiieuliny sim silt 
lab 
20 
its maximum value + 1/y2 (at 134 MeV and © = 150°) iT..(@) must be equal 


33 ila 
to zero’~ which is not the case as seen in figure 13. Moreover if there 


ting the SIN data is to be related to the fact that when t (Q) reaches 


were a fast amplitude variation in a small energy region due to a reso- 
nance of the compound md system there should be a corresponding effect 
in pp + ™d amplitudes. These have been determined at 90° by a Geneva 
group”? at SIN between 450 and 580 MeV proton kinetic energy (555 MeV 
corresponds to the same c.m. energy as 134 MeV in 7d elastic scattering) 


and they show no resonance except if it were very sharp (figure 14). 
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5 CONCLUSTONS 

Pion-deuteron scattering illustrates the degree of accuracy (cross sec— 
tion data) and ingenuity (polarization data) achieved at meson factories 
with beams of unstable particles. Experimental progress has been accompa- 
nied by sophisticated 3-body calculations which would probably not have 
been done if there had been no hope to check them against good data. All 
these calculations are in good agreement with the existing data up to 
140 MeV (except for one cee set). It is gratifying for the mind that a 
complex 3-body problem can be understood in terms of 2-body (4 N and NN) 
interactions but it pleases our curiosity that some mysteries are still to be 
solved both experimentally and theoretically. The most urgent problem con- 
cerns ed If LAMPF data were confirmed n d scattering would well 
ber mepwesented! ny 1m NN elementary interactions coupling to NA _ states 
although details of the theory still need to be refined. If the sharp 
structure of the SIN data were real then it could be a strong indication 


for long sought exotic effects. 
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PION ABSORPTION AND PRODUCTION IN FEW NUCLEON SYSTEMS 
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1. Introduction 

Investigations of pion production and absorption in few nucleon systems is 
clearly the means for studying both the elementary pion creation and annihila- 
tion processes and the associated problem of the propagation of pions and 
excited nucleons within nuclear matter. In this paper I wish to discuss those 
aspects of the subject which have received most attention by the contributors 
to this conference. Since David Bugg has discussed the NN > NNa situation in 
some detail, I shall restrict my treatment of the NN system to involve only the 
specific reaction nd < 2p. In addition, I will discuss a few selected topics 
concerning pion production and absorption in few nucleon systems, primarily to 
point out areas in which significant activity is currently in progress. I 
shall also restrict all discussion to those situations in which only one pion 


is involved, excluding any mention of multi-pion processes. 


2. NN >dnt 
2.1. Theoretical situation 

The NN + NNt reaction is the fundamental pion production reaction. The 
particular example, pp + dz, is the simplest to study experimentally because of 
the 2-body final state. The strength of the final state interaction of the two 
nucleons (a bound state, in fact) permits this reaction to dominate the pion 
production process up to about 600 MeV. Some simplification in the theoretical 
description of the reaction also results from the fact that the isospin of the 
nucleon pairs in the initial and final states are well defined. 

This reaction (and its inverse) thus constituted the earliest pion 
production (absorption) process investigated experimentally. The experimental 
effort was matched by corresponding vigorous theoretical activity. An 
extensive review of the current status of the theory was presented at 
Bloomington by Betz et al. (1982). 

In this paper, I should like first to paraphrase their presentation by 
providing simply a qualitative description of the various theoretical 
approaches. The first realistic field-theoretic treatment of the pp > dn 
reaction based on the Chew-Wick model of tN dynamics was published in the mid 


2 < 
50's by Lichtenberg . In that paper, he extended an earlier model of pion 
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emission to include pion rescattering through the (3,3) resonance. The 
relevant terms are illustrated diagrammatically in Fig. la. This model yielded 
reasonably good agreement with the experimental data available at that time. 

It should be noted that Lichtenberg recognized the importance of the large 
longitudinal momentum transfer characterizing the process and was one of the 
first to point out the resulting importance of the D state of the deuteron. 
This basic picture was subsequently refined by a number of workers, to include 
N-N distortions, explicit calculation of pion rescattering for all s- and p- 
wave spin-isospin channels, p exchange etc. Until the early 70's the theoreti- 
cal treatment consisted primarily of non-relativistic first-order perturbation 
theory (non-relativistic except possibly for the pion kinematics) involving at 
most only one re-scattering of the pion. Clearly, for such a strong interac-— 
tion, multiple scattering (as shown in Fig. 1b) is at least as important as the 
usual distortions considered between the initial nucleons and between the final 
pion and deuteron. Including both effects however can lead to over-counting 
problems because the distortions are themselves manifestations of the multiple 
scattering already referred to. Improvements in the theoretical description 
have resulted from several different approaches. 

One technique, introduced by the Helsinki group, (principally Green and 
Nigiapen) involved the development of a coupled-channels technique illustrated 
diagrammatically in Fig. lc. Such coupling of the NN and NA channels included 
o exchange implicitly and provided a full summation over pion multiple 
scattering. The approach, however, was non-relativistic involving static 
channel-coupling potentials. For the first time, however, theory was able to 
provide prediecions: which compared well with experimental measurement (not 
only of the differential and total cross-sections, but also of a variety of 
polarization observables). This group was the first to include up to f-wave 
angular momentum channels for the pions (f-wave arising from the 1G, pp state 
which couples to the D-wave N-A intermediate state). This theoretical approach 
was a forerunner of the current A-hole models used in considerations of pion 
interactions with nuclei. 

An alternative approach based on the application of Faddeev techniques 
(Afnan and Thomas and Mizutani and Koleun®) enabled exact summation over all 
multiple scatterings of the pion (albeit with the restriction that no more than 
one pion at a time be involved in the intermediate state). This technique is 
illustrated diagrammatically in Fig. ld. A major result of this technique was 
the achievement of exact two- and three-body unitarity. In this way, NN 
scattering, the NN + md reaction, NN + NA coupling and mi elastic scattering 
are all related within a single framework. It is illustrated diagrammatically 


in Figs. le-g. 


Fig. 1 (a) 


(b) 


Ce) 


(d) 


(e,f,¢2) 
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Pion rescattering and single emission graphs. 

Typical example of pion multiple scattering graph. 

Graph illustrating coupled-channels approach. The elliptical 
blob represents the NN-NA coupling. 

3-body unitary approach. The circle represents exact 
summation over all pion rescattering. 

Schematic representations of the application of the 3-body 
unitary approach to N-N scattering, NN + NA coupling, and nd 


scattering. 


This approach was developed further by three principal groups: the 


7 8 
Flinders'group of Afnan and Blankleider , the Lyons group of Fayard et al. and 


that of Riaae 


The latter two groups have developed fully relativistic approaches based on 


Blankenbecler-Sugar reduction techniques. Full sets of amplitudes for the pp >+ 


dn reaction, however, have been published only by the Rinat and Flinders' 
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Fig. 2. Coefficients of an expansion of the polarization-dependent 
cross-section in terms of associated Legendre polynomials are 
shown as a function of n, the pion centre-of-mass momentum in 
units of eo as is the total cross-section. Open symbols 
represent “old” data. The solid symbols show recent data 
(eke. Se Loren i Leomandsretc. vm cLOcei el) me LnemeErors 
for the new data are generally within the size of the symbol. 
The full lines (solid and dashed) show predictions of the 
coupled-channel model of igtenene The thin lines are 


merely to guide the eye. 


groups. The partial wave amplitudes from these two groups, appropriate to an 
incident energy of 578 MeV are shown in Fig. 6. (The amplitudes of Rinat have 
been normalized by a factor of 11/9 in order to obtain reasonable agreement 
with the experimental values for the differential cross-section). Aside from 
questions concerning the inherent limitations of such an approach (questions 
relating to the limitation to three-particle intermediate states, for example) 
it is clear that there are significant differences between the theoretical 
predictions of the different groups. Such differences arise from use of 


different mt-N parameterizations (particularly in the P J channel), use of 


i 
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relativistic versus non-relativistic formalisms, etc.). From the point of view 
of the experimentalist, it would be very useful if the theorists involved 
attempted to provide with their final results some estimate of the ‘error' or 
uncertainty characterizing their results. 

Other recent developments have centered around explicit relativistic 
effects. Locher et siete at S.I.N. have completed an extensive study of 
relativistic effects within the single-scattering framework shown in diagram 
la. In this approach, multiple-scattering effects were approximated in the 
usual way by including distortions in both the initial and final states. 

Presumably the next major development will involve inclusion of some 
explicit quark dynamics possibly via a cloudy bag model. A preliminary attempt 


in this direction has already been provided by Miller and Kisslinger -- 


2.2. Overview of Recent Data 

A review of the experimental situation up to 1981 was presented at 
Pee oaiaeton:-< A further update has been provided by Watari in the list of 
data references accompanying his Partial Wave Analysis update for the pp > dt 
reaction. In this paper, I would like to provide an indication of the 
experimental explosion which is currently characterizing this subject area. In 
the contributions to this meeting alone, there are over ten experimental 
submissions (as well as two theoretical). Table 1 lists those results 
(published results as well as contributions to this meeting) which have 
appeared within the last year. The Table lists the observables measured 
ordered according to initial proton kinetic energy. 

There are many new measurements. Some of them are of observables measured 
earlier by different techniques. Aside from the higher statistical precision 
which usually characterizes the newer results, the existence of several sets of 
measurements of the same observable obtained using different experimental 
techniques is very useful in providing information concerning the extent of 
systematic errors. For example, there are now good measurements of 
differential cross-section and analyzing powers, some obtained using single-arm 
systems usually incorporating a magnetic spectrometer and others involving 
double-arm counter systems. Double-arm systems are free of the acceptance 
solid angle problems characterizing spectrometers but have their own specific 
problems, usually related to background definition. As a result of the recent 
work, the analyzing power as well as differential cross-section is now well 
defined over a large energy range. The improvement since 1981 as far as 
analyzing power is concerned is illustrated in Fig. DD Additional precision 
measurements of the analyzing power between 550 and 800 MeV have been performed 


by the Northwestern group at LAMPF as illustrated in a contribution to this 
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neecine. = This contribution emphasizes a failure common to both the coupled- 
channel and unitary three-body theories in their descriptions of the analyzing 
power. Although these theories provide reasonable predictions of the odd terms 
in an Associated Legendre polynomial expansion of the polarization-dependent 
cross-section, they fare very poorly in their ability to predict the even 
terms. 

The last section of the table points out a rather novel measurement which is 
reproduced in Fig. 3, namely an excitation function of the md +> 2p differential 
cross-section at 90° (cms) from (equivalent) proton energies of 409 to 889 MeV 
in 3-5 MeV steps Pe This data should provide the final definitive description 
of the excitation function of this important reaction within this energy 
range. 

Important new data close to threshold are also described in the 


contributions. Complete angular distributions of the isospin-related 


reaction np > dn° have been measured by the Freiburg group at SIN for pion 
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TABLE 1 
Table of Reference for Recent pp + dm Measurements 


325 54 

375 55 

(419) | 56 56 

433 54 

(434) 56 56 

447 22 22 22 22 22 
(449) 56 56 

450 55 
(479) 56 56 

496 22 22 22 22 22 
500 23,55| 25 24 24 
(509) 56 56 

515 22 22 22 22 22 
516 54 62 63 58 
529 62 

538 20 22 22 22 22 
(539) 56 56 

542 62 63 58 
547 59 


556 62 
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56 


AW 
(MeV) 


825 
(847) 
850 
857 
(860) 
875 
(889) 
900 
940 
(949) 
992 
1000 
(1001) 
(1067) 
1078 
(1129) 
1168 
(1189) 


1262 
(410)-(890) 


286-590 


Entries characterized by parentheses in column 1 refer to nd >» 2p 
The bracketted energy is the equivalent proton energy for the 
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measurements. 


inverse reaction. 
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Fig. 4 (a) Deuteron vector polarization as a function of angle for 
unpolarized protons incident on an unpolarized target. The 
vertical lines represent data obtained from measurements of 
proton asymmetry obtained when pions are absorbed on a 

19 
polarized deuteron target . 


> ee 
(b) The spin transfer parameter, K for the pp > dn reaction 


NN’ 


plotted as a function of angle. 
The solid lines are predictions of Niskanen while the dashed 


line is that of Rinat. 


centre-of-mass kinetic energies from 120 MeV down to 5 Mev! OA particularly 
noteworthy development has been the initiation of measurements of “spin 
transfer parameters” as exemplified by the work of Bonner's group at LAMPF 
shown in Fig. 4. This figure differs somewhat from that in the contribarion «| 
to this Conference. The sign of the theoretical values of Niskanen has been 
changed (private communication). In addition, the data of Smith et al. have 
been scaled by a factor of 2/3 to correct an error” in their eee 


This renormalisation somewhat worsens the agreement. Clearly, additional 


measurements are needed to clarify the situation regarding this important 


observable. 


2.3. Amplitude Analysis 

Since the pp * pw reaction is described by a 3 x 4 T-matrix, eleven 
measurements are required to determine the six independent amplitudes to within 
an arbitrary phase. However, as recently pointed out by Meraveattes the 
magnitudes of all six transversity amplitudes can be unambiguously determined 


by independent measurements of only six observables, do, Py (vector 
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polarization of the deuteron), the analyzing powers Axo and Aon? the Aun spin 


correlation parameter, and K the spin transfer parameter. If the 


NN 
measurements are made as a function of angle, only five observables need be 
determined, as Axo and Aon are simply related (Aoy 69) = ~Ayo( ™ 9) in the 


Madison convention). Additional experiments (A A and a triple spin 


’ 
correlation parameter) are needed in order to ae Tee three of the 
relative phases. Finally, four additional experiments (with at least one 
involving measurement of a deuteron tensor polarization) are required to 
determine the remaining two phases. Because of the identity of the two 


protons, a significant simplication results at Genes 


At this angle only 
three of the amplitudes contribute. For this case then, the magnitudes of 
these three amplitudes can be determined from just three different measurements 
(do, AY and Ay? Additional measurement of either: ALL and Ags or Ars then 
provides the information required to determine the relative phase between two 
of these amplitudes. 

Extensive measurements of six observables (do, Aggs AWN, AL? Ars? and Avo) 
have been performed at 447, 496, 515, 538 and 578 MeV by the Geneva group at 
a ie In addition, from the LAMPF contributions to this meeting we have 


learned that the four observables (A Je UN 


PN Ub) Ss 
23,5225 i E 
at 500, 650, 700, 750 and 800 MeV - Analysis of the 90° values of these 


i have also been measured 


observables together with interpolated estimates of do(90°) provides an 
unambiguous determination of the magnitudes of three amplitudes at 90° (Ty, Ty 
and S in Foroughi's noretion ss) and the relative phase between two of them (Te. 
and S$). The result of such an analysis is illustrated in Fig. 5. It is very 
interesting to note that none of these amplitudes exhibit a significant 


resonance structure over this energy range! 


2.4. Partial Wave Amplitude Analysis 

An alternative approach involves analysis of the data in terms of partial 
wave amplitudes, quantities which are related to a spherical harmonic 
decomposition of the amplitudes referred to in the previous section. Here the 
rotationally invariant character of such amplitudes is utilized to 
"interpolate" between incomplete sets of data. In addition, as long as the 
energies are not too high, centrifugal barrier effects limit the number of 
partial wave amplitudes which can contribute. At higher energies, however, the 
number of terms in such an expansion can become unmanageable. 

Partial wave analyses of the existing data base are now being carried out by 
several groups. vacarie provides two basic choices of amplitudes, each of 


which fits the data. He obtained his solutions by performing an energy- 
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Fig. 5 (a) Magnitudes of three helicity aupiieadess: ate Omasere 
function of incident proton energy. 
(b) Included angle between two of the amplitudes (T¢ and sj" at 
90° as a function of proton energy. 


For both diagrams, the lines are only to guide the eye. 


dependent analysis of the data, one in which the amplitudes are required to be 
continuous functions of energy. In addition, a threshold momentum dependence 
expected on the basis of centrifugal penetrability was imposed. He provides 
two basic fits, one having a dominant DP2 amplitude (called fit D), and the 
other a dominant SPO amplitude (called fit S). (See Table 2a for a definition 
of these amplitudés.) At this meeting, we have also learned of a similar 
energy-dependent partial wave analysis being .carried out at leningrad- 4 The 
energy range covered in the latter analysis is rather higher than for the 


others, extending from 400 MeV to 1235 MeV. 
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TABLE 2 
Catagorization of NN » mNN Channels 
Isoscalar final nucleon states 
a) Mendl-Regee"” 


Isovector initial nucleon states 


2N NA TN Amplitude 
(intermediate state) 
2stl ay 2s+1 ay 2stl iE 
Cs; at C5 
1,1 ee a_ = SPO 
fe) 0 Oo 
35 Hi 3,5, 1 35 0 a = BS 
1 1 al : 
d, ag = PDL 
Pee ay = DP2 
Wo ib bya il 0 a 
D, S, f, a, = DF. 
syed BieD seek 3. © = 
P, Py d, yi PD2 
she il crease Th 0) = 
F, P, d, as = FD2 
Sa: Daal 34° = 
F, P, A ae FD3 
83 ag = FG3 
Sune! Sy Aaya wl Sy 0) 2 
F, F, By, arg = FG4 
(tage o. eg a, = GF4 
hy ae = GH4 
3 a BES 3 © z 
ag! 5 2o0° Z 
He Fy 85 ite 
eel 5 ore z 
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Isovector Final Nucleon States 


b) Isovector initial nucleon state 


ee a oe 
ope ae ye 
3p re re 
oa a Si i 
ae Ds oar) ie 


c) Isoscalar initial nucleon states 


3. 0 ol Te ib 
Sy T= 50 Py 
« no A=N 
Saa0 ie, al 
DY Py 
ae 0) eel! 
D3 fy 
5h, (0) Ales AN 
G, f., 


At TRIUMF, we (Blankleider et Bites have also begun such an analysis. Fits 
to the data at 578 and 515 MeV, using purely random initial estimates for the 
amplitudes have been made. Argand plots of such amplitudes for the 578 MeV 
case are shown in Fig. 6. The solutions shown correspond to y2/n. < 2.5. The 


D 
incompleteness of the data base is particularly noticeable in terms of the 
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according to the convention described in Table 2a. The solid 
points indicate the results of fits to the existing data when 
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“circles of confusion” which characterize some of the less well-defined 
amplitudes such as the SPO. The partial wave amplitudes shown are defined as 
originally described by Mandl and kenge and listed in an extended version in 
Table ae 

An extensive amplitude fit has recently been performed by DAvid Bare As 
indicated in his talk, he considered only those amplitudes corresponding to 
channels containing S- or P-wave NA intermediate states. As well, the SPO 
amplitude (expected to be small) was arbitrarily set equal to zero. Whereas 
the relative phases of Watari's energy-dependent solutions fluctuate with 
energy, Bugg imposed an additional “continuity” constraint which required the 
phases to vary uniformly and in a fashion simply related to NN and nd 
scattering phase shifts. Given the incompleteness of the existing data, such a 
condition was required in order to constrain the problem sufficiently to yield 
a unique solution. There has, however, been some doubt expressed regarding the 
validity of the particular prescription employed. In addition, he constrained 
the higher partial waves (corresponding to high impact parameter) to be equal 
in value to those predicted by the unitary theory of Bienkicidar 2 

In Fig. 6 it is seen that the higher partial wave amplitudes predicted by 
both Blankleider and Rinat for 578 MeV incident energy are in good agreement, 
thus providing further justification for Bugg's assumption. The extent to 
which the different partial wave solutions are consistent with the existing 
data is shown in Fig. 7a. Predictions of other observables associated with 
deuteron polarization are shown in Figs. 7b and pal 

Although the experimental situation is far from complete it has improved 
markedly with inclusion of the recent data. Because A and Ayoboth depend on 


LS 
the same bilinear combination of amplitudes (the first depending on the real 


* 
The units are such that: 


do Ken 
4n ——— = ) Cy Py (cos 8) 


JK 


JK 
witheC, (1,1) = ) Ch 


I<l' 
K 
where the oe (1,I') is the product of all the relevant vector-coupling 


* 
Gye Bilinear (ayayy) 


coefficients and angular momentum factors. The kinematics and phase space 


factors are contained in the definition of the amplitudes, ay 
wk 
For the spin transfer observables shown here, the direction of the 


° 


quantization axis is that of the pion direction in the centre-of-mass. This 
is not the natural extension of the Madison convention where the 
quantization axis is in the direction of the momentum of the particle in 


question. 
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part and the second on the imaginary), determination of both of these two 
observables provides a very stringent constraint on the relative. phases between 
the amplitudes. It is therefore important for both these observables to be 
measured when an experiment is performed. Calculations of the observables 
shown in Figs. 7b and 7c obtained using the various amplitude 'fits' displayed 
in Fig. 6 yield a wide variety of predictions. Some of the observables are 
more sensitive to the choice of amplitudes than others. On the basis of such a 
study it is clear which additional experiments are required to optimally 
constrain the existing uncertainties in the amplitudes. ity, (0011 in Fig. 7b) 
(vector polarization of the deuteron) is an obvious first choice. It is very 
sensitive to the choice of SPO, primarily because, unlike most of the other 
observables, SPO depends essentially on an interference between two (initial 
state) singlet amplitudes. Most of the other observables depend more on the 


interference between the dominant singlet DP, amplitude and those associated 


2 
with the triplet initial states. Other additional experiments of importance 
for reducing the uncertainties in the amplitudes are those involving spin 
transfer. As Bugg has pointed ae those associated with sideways proton 
spin and vector deuteron polarization normal to the reaction plane are 
important. Other sensitive observables are those relating normal proton spin 


orientations with deuteron tensor polarization. 


3. Pion Absorption in Few-Nucleon Systems 

Pion absorption in a nucleus is characterized by the subsequent emission of 
fast nucleons and/or clusters of nucleons. Such clusters, may, in fact, 
include a sufficiently large fraction of the total nucleons available that it 
is more appropriate to speak of a pion-induced "fission" process. 

In this paper, I shall restrict my attention to the case of nucleon 
emission. In particular, I shall consider only the following: 

a) Two Nucleon Emission 


b) Single Nucleon Emission 


3.1 Two Nucleon Emission 

Quasi-free absorption of a pion on two nucleons can be preferentially 
selected by experimentally insisting that the outgoing nucleons are 
sufficiently energetic and that they are emitted at the appropriate 'conjugate' 
angles determined by the kinematics associated with absorption on free nucleon 
clusters. In this regard, 3He and ‘He have been favourite target choices 
because they are characterized by having all their target nucleons in a 
relative S-state. Aside from the obvious fact that pion absorption on two 


nucleons within a nuclear environment is very interesting in its own right, 
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Fig. 7 (a) Angular dependences of spin-dependent observables for the 
pp > dx? reaction generated by the amplitudes shown by open 
symbols in Fig. 6. Vertical bars indicate experimental 


data. 
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For X coordinates labelled 0 +1, the relevant variable is cos? 
For X coordinates labelled -l1 + 1, the variable is cos @. 

SIG indicates differential cross-section. The remaining 
observables are analyzing powers or spin correlation 


functions labelled in the usual way. 
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Sperical tensor spin transfer parameters for the Dp > da 
reaction as generated by the amplitudes corresponding to the 
open symbols in Fig. 6. X coordinate values refer to the 
centre-of-mass angle in degrees. 


The lines are defined as described in the caption to Fig. 


7a. 
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this type of reaction also affords the opportunity to study pion absorption on 
nucleon pairs having quantum numbers different from those of the deuteron. In 
particular, interest has centred on a comparison of absorption on isovector 
(spin singlet) nucleon pairs to that on isoscalar (spin triplet) pairs obtained 
by comparing the 3He(n,2p)p with 3He(n ,pn)n peseriens > The transition 
amplitudes which contribute (in addition to those already described for the pp 
+ dm reaction) are listed in Tables 2b and 2c. For an isovector (spin singlet) 
relative S-wave final nucleon pair configuration (in pion production), the 
total angular momentum J for the channel is simply Ae Parity conservation 
then forbids XN =J= Ao in the initial NN state. Thus only spin triplet 
initial state nucleon pairs can contribute, with J = X ps lee 

One of the principal reasons for the great interest in these particular 
absorption reactions is the (unexpectedly) large ratio observed for pion 
absorption on isoscalar nucleon pairs compared to isovector (especially for 
pion kinetic energies greater than 100 MeV). The original observations by 
Ashery et aoe and Backenstoss et Ae had only recently been announced at 
the time of the Versailles meeting and were thus highlighted by ingeaa in his 
review on pion nuclear interactions. The momentum developed in this subject is 
evident by the additional experimental results contributed to this 
Conreranee 2° 04 The energy dependence obtained for the isovector/isoscalar 
ratio for incident pions between zero and 165 MeV is shown in Fig. 8. 

An obvious explanation for such a strong isospin dependence is that of 
dominance by NA intermediate states. Since it is impossible for an NA state to 
have zero isospin, NA dominance discriminates against any of the transitions 
involving coupling of an isovector nucleon state with a pion to give zero total 
channel isospin (Table 2c). On the other hand, for pion absorption on an 
isovector nucleon state where the total isospin is unity only NA intermediate 
states with & greater than or equal to 1 can be involved, as shown in Table 2b. 
Thus, there are far fewer channels available for absorption on isovector NN 
pairs than there are for isoscalar (Table 2b plus 2c versus 2a). In addition 
to such arguments based simply on the number of channels available, mone of the 
channels listed in Table 2b or 2c include the dominant S-state AN channel 
(channel DP2 of Table 2a). Thus it is easy to understand an isoscalar 
enhancement for the pion absorption reaction. Lee and Oneas: showed that the 
experimental result could be understood in terms of a model in which both 
AN + NN and ANN + NNN transition amplitudes are considered. They concluded 
that the P-wave NA intermediate state of Table 2b dominates for isovector pion 
absorption. At this conference, Silbar and Piaserekying argue that the energy 
dependence of this ratio requires that the NN' intermediate states of Table 2c 


must also be included. The actual form of the energy dependence of the 


Fig. 8. 
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Ratio of the pion absorption cross-sections on isovector to 
isoscalar nucleon pairs in a 3He target as a function of pion 
kinetic energy. The circular points indicate measurements 
corresponding to outgoing angles of ~/5°, wehreas the 
triangles correspond to ~55°. The solid points refer to data 


0,31 


described in the Tr ererice: and in the contributions to 


this necting? The open circle indicates a very 
preliminary result communicated at this meeting. The lines 


refer to various theoretical predictions (as descrirbed in 


refcs. 30, 34, 35 and 36). 


IIKe 


178c G. Jones | Pion Absorption and Production 


pp —pr*n 
Ep" 800 MeV 


d°o/dp d2,d2, [pb/(sr?MeV/c)] 


PROTON MOMENTUM (MeV/c) 


+ 
Fig. 9. Differential cross-sections for the pp > pnt rencuion ~ as a 


function of outgoing proton momentum for 800 MeV incident 
kinetic energy. The solid lines indicate various theoretical 


~ 
fits including np final state interaction (labelled by d ). 


isovector to isoscalar ratio is still far from clear, however. As shown in 
Fig. 8, recent preliminary data from SIN indicate a much smaller ratio at 165 
MeV than was previously measured at LAMPF. How much of this discrepancy 
between the different results can be attributed to differences in the methods 
of analysis (assumed contribution from “three-body” absorption, for example) 
rather than simply reflecting a strong angular dependence remains to be 
established. Certainly more detailed measurements, including complete angular 
distributions, are very much in order. 

As pointed out by ihe a full understanding of this phenomenon requires 
an understanding of the corresponding situation involving free nucleons. One 
way of obtaining such information involves measurement of the pp > (pn) 
reaction in the kinematic region corresponding to the np final state 
interaction. Very little experimental information exists for this reaction, 
however. Since only isovector nucleons participate in the initial state of the 
production process, only parts a) and b) of Table 2 apply. Again, the 


assumption of NA dominance (especially that of the S-wave NA state) would 
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preclude a significant contribution to the reaction from a spin-singlet final 
state interaction. Fig. 9 shows the final state interaction peak for the pp > 
pan reaction Gbacrwed at 800 MeV incident energy. In order to fit this peak 
a spin triplet/singlet ratio of ~2-2.5 was required. Although the NN pairs in 
such a final state interaction are in a relative S-state, very large pion 
angular momenta with respect to the NN pair are possible at incident energies 
of 800 MeV. Other pp +> pnt measurements have been performed, both at LAMPF and 
at TRIUMF, but to date no detailed analyses of the differential cross-sections 
appropriate to this final state interaction region have been carried out. 

At TRIUMF, we have investigated pion line shapes as measured in a small 
Magnetic spectrometer by using the pp + dm reaction for protons of 400 and 450 
MeV kinetic energy. During this investigation, we also recorded a substantial 
part of the continuum from the pp + pnm reaction as shown in Fig. 10. The 
shape of the continuum clearly necessitated inclusion of a final state 
interaction in order to account for the contribution in the region of the two- 
body tail. By folding in the instrumental line shape to a continuum containing 
both spin singlet and spin triplet final state interactions, we fitted the 
whole spectrum as shown by the smooth curves in Fig. 10. The instrumental 
resolution (dominated by the kinematic shift associated with the acceptance of 
the spectrometer) precluded obtaining a definitive result from this data. As 
shown in the figure, our resulting x2 values tolerate a fairly wide range of 
triplet/singlet ratios. However, all the results we have examined thus far (at 
both 400 and 450 MeV) show a clear preference for a triplet/singlet ratio ~3:1, 
close to the simple statistical ratio and consistent with the higher energy 
results of Hudomalj-Gabitzsch et Ales Results such as these indicate the 
role played by NN' intermediate states (and also non S-wave NA states) in the 
free pion production (absorption) reaction and do so without the complexity 
introduced by attempting such measurements in a nuclear environment. 

However, no results are available near 600 MeV where the NA intermediate 
states should have the greatest effect. Detailed measurements of the np final- 
state interaction channel are very much needed over the energy range 
encompassing the NA intermediate state. 

It is clear that more extensive measurements of both types of reaction are 
required: the true pp > (pn)m to determine the nature of the elementary 
production (absorption) process, and pion absorption in nuclei to elucidate the 
complicating effects of the nuclear environment. More work is also needed on 
the theoretical front. In addition to the growing attention being directed 
towards the problem of pion absorption on few nucleon systems, we need a better 


understanding of the reaction mechanisms involved in pion absorption on a free 


isovector nucleon pair. 


180c 


Fig. 10. 
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Relative differential cross-sections for pion production by 
the pp > (pn)nt reaction at an incident kinetic energy of 450 
MeV. The dominant peak corresponds to the mono-energetic 
pions produced by the pp > dm reaction (at 46° lab). The 
lower energy continuum corresponds to the three-body phase 
space modififed by the np final-state interaction. The thin 
line indicate the result of folding in the theoretical line- 
shape to a sum of the two contributions, one corresponding to 
a singlet and the other a triplet final state interaction 
(calculated in the usual way; eg. Goldberger and Watson). 
The three separate diagrams refer to different values for the 


spin triplet to spin singlet ratios in the final state 


interaction. 
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3.2 Single Nucleon Emission 

We now turn to the last type of reaction I wish to discuss, that of single 
nucleon emission. The subject will, in fact, be treated in terms of the 
inverse reaction: p +A > (A +1) + nt. I shall subdivide this subject into 
two general categories: (a) Traditional (b) New. 

"Traditional' refers to the general program of measurement of differential 
cross-section (together with spin dependent observables such as analyzing 
power) designed to test our understanding of the pion production process in a 

' 


nuclear environment. Conversely, 'new' refers to observations of behaviour 


which deviate significantly from expectation. 


3.2.1 Traditional 

The theoretical understanding of pion production in nuclei [pA > (A+1)n 
reaction] has been plagued by problems similar to those characterizing the 
theoretical development of the pp > dm reaction. 

The longitudinal momentum transfer in such a reaction is very large, ~ 500 
MeV/c. Here, as in the pp > dm reaction much effort has been expended on 
attempting to unravel the relative importance of single-nucleon to multi- 
nucleon mechanisms. The two processes are illustrated diagrammatically in Fig. 
ll. The similarity to Fig. la is very apparent. However, a realistic two- 
nucleon calculation in a nuclear environment is much more difficult than it is 
for free nucleons. Again, one encounters double-counting problems involved in 
trying to treat nucleon and pion optical model distortions separately from the 
basic pion rescattering processes. No really satisfactory solution (akin to 
the Faddeev technique for the NN case) has yet been developed. Instead, most 
work has been directed to the simpler problem of summing the simple rescatter- 
ing diagram of Fig. 11 coherently over all the nucleons in the nucleus. 
Additional difficulties arise due to the nuclear aspects of the problem. An 
important example is the treatment of off-shell effects. Severe unphysical 
enhancements tend to appear when the pion is far off-shell (the “pionic wave 
distortion" of the Kisslinger potential). Also, and again parallelling the 
free NN situation, the importance of specifically relativistic effects is not 
at all well understood. Cooper and ener obtained some very major changes 
to the simple single-nucleon predictions when they carried out a relativistic 
treatment. 

Finally, much effort has been directed in the last few years towards 
developing a completely consistent treatment including both two-nucleon and 
single-nucleon mechanisms with all significant diagrams included. Keister and 
Kisslinger © have treated the (p,m) reaction on nuclei within the framework of 


an isobar-doorway model, a treatment which includes features of both one- and 
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Fig. ll. Diagrammatic representations of two-nucleon and single- 


nucleon pion production mechanisms. 


two- nucleon models. The theory, however, is not simple and involves many 
features which are currently poorly understood (pion vertex cut-off, proper 
handling of distortion, off-shell nature of pion in exchange terms, etc-). In 
spite of all the sophistication involved, the theoretical predictions still 
differ qualitatively from experiment even for such spin averaged observables as 
the differential cross-section. Another approach of this type is being 
developed at Indiana by Dillig and Comer eres It is an ambitious program 
involving extensive numerical computation. It includes a large number of 
elements known to be important (one- and two-nucleon mechanisms, s- and p-wave 
rescattering (including o and p- exchange), off-shell corrections, short-range 
correlations etc.). Even here, however, proton distortions have to be 
introduced explicitly. Unfortunately, this program has not yet been developed 
to a level where comparison with experiment is possible. 

In view of the problems associated with development of a realistic 
theoretical description of pion production in nuclei, perhaps more attention 
should be directed to studying pion production in few-nucleon systems from a 
microscopic point of view. The Helsinki group, (Green and Savalas) tried 
applying their coupled-channel technique (developed originally for the pp > dn 
reaction) to the case of pd > tm. Unfortunately, the approach was much less 
successful here than for the elementary pion production reaction. In order to 
explore some of the reasons for this failure, Sanio is re-examining some older 
techniques associated with relating the pd + tm reaction more directly to the 
elementary pp > pnt ponaeiconn Ina conumibaeionne to this meeting, Dutty et 
al. present data for both nd + tn® and nd > *Hen. They also demonstrate the 
extent to which the various theoretical models developed to date fail in their 
ability to describe the data. 

Recently, Hirata and Macutani ss pertormed calculations of the *He(n ,n)3H 
reaction in terms of a A-hole model, incorporating both two- and single-nucleon 
mechanisms. Again, the theoretical results do not compare well with data. In 
general, the theoretical predictions exhibit much more angular structure at 


back angles than is observed experimentally. 
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It is important to recognize however that structureless differential cross- 
sections which vary only slowly with energy do not necessarily imply that the 
spin-dependent amplitudes also follow suit. Abegg et oa show that over an 
angular range where the differential cross section for the pd + tm reaction 
varies only slowly with energy, the analyzing power exhibits a very strong 
energy dependence. Probably significant progress will have to await the 
experimental determination of the spin-dependent amplitudes themselves over an 
energy and angular range appropriate for a definitive confrontation with 
theory. A recent theoretical development worth noting is that of Avishai and 
ietianle. who are developing a connected kernel technique for handling the 
coupled mtNNN + NNN system, a technique which is intended to be applied to 
reactions of the type discussed above. 

In view of the difficulties which theorists have encountered in attempting 
to provide an understanding of pion production in nuclei, it is particularly 
important for experimentalists to provide guidance to their theoretical 
colleagues by exploring the general features of the reactions. While 
endeavouring to elucidate the systematic features of such reactions, a 
frequently recurring question concerns the selection of the relevant parameters 
or kinematical variables for describing the results. Frequently, certain 
features are more prominent when displayed against one parameter rather than 
another. In fact, systematic trends may only be apparent when the parameters 
are defined appropriately. In this regard, Wetenet has for some time now 
been encouraging experimentalists to both: 

i) Utilize relativistic invariants (in particular, the Mandelstam variables) 
when presenting their data, and 

ii) To eliminate trivial kinematic dependences from the observables selected 
for presentation. For example, he prefers to depict the dependence of an 
invariant matrix element versus t rather than a differential cross-section 
versus centre-of-mass angle. Figure 12 illustrates this point. The first 
diagrams are a comparison of the energy dependence of the 3He(y,p)d reaction at 
two different angles. The last is a comparison of the angular dependence of 
the inverse reaction at two different energies. It is clear that the 
systematics of the reaction are much more apparent when plotted in the way 
Nefkens suggests. Couvert has pointed oceen similar situations where such 
ideas can be usefully applied to the (p,m) reaction. Fig. 13 is a collection 
of published differential cross-sections for the pd + tm (and, using isospin 
invariance, pd > 3Hen°) reactions for incident proton energies between 375 and 
810 MeV, an energy range which should show significant s-dependence if the 
reaction is dominated by A production in the intermediate state. The data 


displays an almost universal shape when the invariant matrix element is plotted 
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Fig. 12 (a) Excitation functions for the differential cross-section for 
photo-disintegration of 3iHe (at 60° and 90° in the cms). 
(b) The data of (a) plotted so that the invariant matrix element 
is presented as a function of t (four-momentum transfer). 
(c) Angular dependence of the radiative capture reaction, 
pd > Hey for two different incident energies presented in 


terms of the invariant matrix element as a function of t. 


against the four-momentum transfer! Interestingly, very little s-dependence is 
observed. At forward angles, it would appear that the matrix element achieves 

its maximum value for incident energies of ~450 MeV. At backward angles, very 

little systematic behaviour is evident. 

Another iiiusttation:— of the application of such ideas to (p,n) reactions 
is obtained by considering the momentum transfer bounds for the (pm) reaction 
in nuclei. Plotted in the usual way?” as shown in Fig. l4a, the ranges of 
the variables shown are very dependent on the masses of the nuclei involved. 
Couvert and Nefkens have pointed out, however, that if instead of ae and T 
one chooses the Lorentz scalars t and [vs -)m,1, (i.e. es the total cm 
kinetic energy in the final state) one obtains the results shown in Fig. 14b. 
The result is a very much reduced dependence on the nature of the nuclei 
involved. Essentially all of the bounds overlap. The minimum value of -t at 
(0°) is identical for all nuclei, namely ae (0°) = es —n)° and this minimum 


occurs at a bombarding energy approximately 30 MeV above threshold. Thus one 
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Fig. 13. Differential cross-sections for the pd + tnt and pd > 3He n° 


reactions covering a range of incident energies, from 375 to 
over 800 MeV, presented in terms of the invariant matrix 


element as a function of t. 


samples at 0° smaller values of momentum transfer in the nuclear form factor as 
the energy increases above threshold for the first 30 MeV or so. Above this 
energy, the momentum transfer then starts to increase with increasing energy. 
Another interesting example involves the application of these ideas to the 
case of analyzing powers. Which kinematic variables should be used when 
comparing the polarization analyzing powers from various (p,m) reactions? Fig. 
15 shows the analyzing powers for the three reactions: pp + dnt, pd > txt, and 
pi2c > l3oqt, Only data leading to ground state excitation of the final nuclei 
are shown. The incident proton energies are chosen in each case so that 
similar centre-of-mass kinetic energies characterise each reaction (about 44 


MeV in the final state). Fig. 15a is a comparison in terms of center-of mass 
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(a) shows the usual type of plcen with the relationship 


4 
between r a and angle displayed 2 


(b) here the same bounds as displayed in (a) are presented, 


except now appropriate relativistic invariants are used 


49 
in place of me and queers 


production angle. One would be tempted to conclude that the pp > dna and 

pd + tm reactions behave similarly whereas the reaction involving the heavier 
nucleus is considerably different. Plotting as a function of center-of-mass 
momentum transfer as shown in Fig. 15b, however, leads to a completely 
different conclusion. Now the nuclear reactions, pd + tm and pl2c + 13¢q are 
very similar while the elementary pp + dm reaction is the one that differs. In 
Fig. 15c, the analyzing power is plotted as a function of four-momentum 
transfer. Now, very little difference is apparent between any of the three 
reactions, and we can infer that analyzing powers depend primarily on four- 


momentum transfer in this energy range, with rather little dependence on the 
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Fig. 15. Analyzing powers for the pn reactions on hydrogen, deuterium 


and carbon-12, for similar centre-of-mass kinetic energies. 
In (a) the data are plotted as a function of the pion angle 
(ems), in (b) as a function of momentum transfer q (cms) and 


in (c) as a function of four-momentum transfer. 


structure of the nuclei involved. It will be interesting to see whether this 
very preliminary conclusion is borne out by more extensive investigations 
involving other nucleus and over a wider energy range. We also look forward to 
the theoretical developments required to understand such basic systematic 


dependences. 


3.2.2 New 
Sil 
At this meeting, Seth's group provided a contribution showing remarkable 


energy dependent structure at back angles in both the analyzing power and the 
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Fig. 16. Angular distributions of the analyzing power and differential 
cross-section for the pd > tit reaction at a number of 
energies between 600 and 800 MeV. In the diagram for 
analyzing power, the curves are merely lines to guide the 
eye. For the case of the differential cross section, the 
line shows a theoretical expectation based on impulse 


approximation. 


differential cross section for the pd > tm reaction for incident energies of 
650-800 MeV. Preliminary results are reproduced in Fig. 16. Perhaps this is 
no different in principle (other than in magnitude) from the energy dependent 
structure at back angles mentioned earlier for the analyzing power data of 
Abegg et ate at about 450 MeV. The feature discovered by Seth et al., 
however, stands out prominently in both differential cross section and 
analyzing power. In this respect the structure is indeed very unusual. It is 
interesting that the back angle structure in the differential cross-section was 
not detected in previous work in this energy Sanger (this previous work 
involved a study of the isospin-related reaction, pd > 3Hen®). However, 
preliminary results from a SACLAY/TRIUMF collaboration’> for both analyzing 
power and differential cross-section at 1000 MeV tend to confirm the structure 
observed by Seth et al. The energy threshold at which the effect begins to 
become evident is in the region suggestive of a two pion effect (the threshold 


for two pion production in the free pp reaction is ~600 MeV). Seth et al. 
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suggest, in fact, that the effect is related to the role played by two A 
isobars in the reaction. 

Because of the unexpected nature of these results and the fact that they are 
at variance with earlier results from an (isospin) related reaction, further 
experimental investigations of both the isospin and kinematic (including spin) 
dependences of this reaction are required. Hopefully, the theorists will also 
soon accept the challenge and provide us some insight into the possible 
mechanisms responsible for the effect, and in particular to provide us the 
guidance needed for mounting optimal experimental investigations of the 
phenomenon. 

It is the possibility of making unexpected observations of this kind that 
provides the on-going incentive to experimentalists. There is 
always the enticing possibility that one has found the elusive dibaryon or 
equivalently exciting - some specific quark or cloudy bag effect. Whether 
something of this kind will indeed be discovered in investigations of few body 
systems is a question whose resolution will probably have to await the results 


to be presented at a later meeting of this series. 
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PION-NUCLEON ELASTIC SCATTERING 


B.M.K. NEFKENS 


Physics Department, UCLA, Los Angeles, California 90046 


Pion-Nucleon scattering is reviewed. Positive results include: 

1) good agreement between the mN resonance parameters of the Karlsruhe- 
Helsinki,K-H, and Carnegie-Mellon-Berkeley, CMU-LBL, partial wave analyses; 
2) no sizable isospin violation near the Roper resonance; 3) a 19 - 20 
isospin violation in the region of the A (1232); 4) the u- and d- quark 
mass difference is small, with mq > my; 5) forward dispersion relation 
predictions agree with experiment up to 300 GeV/c; 6)there are no good 
candidates for mN hermaphrodites; 7) the Isgur-Karl quark model 
calculations are useful up to m = 1800 MeV. Negative findings are: 1) 
there is urgent need for spin rotation measurements to verify the correct 
use of theoretical constraints in all partial wave analyses; 2) existing 
data is insufficient to establish the fate of 24 mN resonance candidates; 
3) 3 strong and 7 weak mN resonances with mass above 1800 MeV predicted by 
the Isgur-Karl quark model are not seen; 4) the experimental result for the 
mN o-term is 64 = 8 MeV while the QCD inspired prediction is 35 + 5 MeV. 
Finally, there is some evidence for clustering of mN resonance poles in the 
complex energy plane, it is unknown if this is accidental or new physics. 


I. INTRODUCTION 

According to a hypothesis of Gell-Mann’ and Zweiq’ all baryon resonances 
consist of three quarks, thus qualifying for a review at a Few Body 
Conference. The lightest mN resonance, the Att (1232), is made up of three u- 
quarks, lat+ > =luuud. If this hypothesis is correct the u-quark must have 
two remarkable properties, namely a fractional electric charge, Q(u) = +$ ) 
and parastatistics of order three, known as the "color degree of freedom".” 

The general acceptance of the quark hypothesis comes partly from the fact 
that quarks provide a simple, qualitative basis for understanding the over 200 
known hadron resonances. All baryon resonances can be arranged in a few 
series, the N, A, A, 2, etc. series, each characterized by quantum numbers I, 
S, Cy aS TiNwSiircwec an lig. Ms WaniS PVCU 1S lee) Oil de Welk) Orr 
Resonances from the Review of Particle Properties, | RPP, our only regularly 
updated and generally accepted data compilation. A property of a long-lived 
particle listed in RPP, for example the mass of the m* 
average of different experimental measurements; in contrast, the mass, width, 
and quantum numbers of the ™N resonances are not measured directly, their 
values are determined from the partial wave analyses, PWA. This may come as a 
surprise to many faithful users of the RPP Resonance Tables. It needs to be 


meson, is the weighted 
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emphasized that the Resonance Tables are still rather incomplete listings, 
furthermore, the quality of one or two star resonances is not equivalent to 

the standing of a one or two star restaurant; to the contrary, one and two star 
resonances are not well established, and several may disappear when better 


experimental data become available while new resonances may very well show up. 


S A ee Py Es : A Because of the important 
I We 3/2 0 ! Men ore role that the mN resonances play 
a in any quantitative quark theory 
3000 | it was deemed useful to have a 
-ii | workshop on m™N scattering to 
= | discuss the many nagging un- 
ail _ | ‘i | ee certainties and the problems 
igs | é currently facing the mN PWAs. 
{ &§ ieee | The workshop was held here in 
m0 — = - I = 000 Karlsruhe on the Saturday pre- 
“= leet dal ceeding this conference. 
a pan See | = Since a PWA is not better than 
ca Di Alemy Ws its data base much of the dis- 
al Pills 853 | cussion was centered around 
on | iy eal | ee ee Se aah for eval- 
uating the quality of the 
nA Duy 6h, Fees ae entries to the data base. A 
Fig. 1. Baryon resonances arranged in proposal was made for grading 
groups with the same I, S, C. The the experimental data assigning 
ordinate shows the mass. Data from three, two, one, or zero stars 
Review of Particle Properties,’ to indicate the quality as out- 
3 and 4 star resonances only. lined in Table l. 


A report on the workshop appears elsewhere in the proceedings and more 
information is available from G. Hdhler and myself. 

As an example of the confusing status of several resonance parameters 
consider the P;; (1420) mN resonance. It is narrow in Germany and Finland as 
the Karlsruhe-Helsinki> PWA gives a width of 135 MeV, it is broad in the 
United States where CMU-LBL° gives T = 340 MeV, and the Roper resonance is 
split in two in France. and Russia.” This divergence of opinions is a direct 
consequence of the poor quality of the mN scattering data in the region of the 
Roper resonance as discussed in the ™N workshop. Until the needed three star 
data become available, the P;, (1420) parameters remain ill-defined and should 
not be used in support of theoretical work. 
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TABLE 1 
Outline of mN Data Base Star System 


195c¢ 


Data category Data quality Standards 
A: **x Impeccable Sy) 

B: ** Good 4/5 
Cex Iffy 8/5 

D: no star Questionable < 2/5 
Standards: 


1. Sufficient detail on calibrations, errors, 2. Full length article 

in good, refereed journal. 3. Modern measurement, published after about 1972. 
4. No measurement shortcomings, e.g., lack of counter calibrations. 5. No 
inconsistencies with reasonable theoretical considerations, e.g., very rapid 


variations of do/dg. 


II. mN ELASTIC SCATTERING AMPLITUDES 

A complete representation of tp elastic scattering free of ambiguities 
requires two independent amplitudes, e.g., the spin-nonflip, F, and the 
spinflip amplitude, G. The proof of this statement is based on rotation and 
reflection invariance” and does not require time reversal invariance unlike 
nucleon-nucleon scattering. 

The three reactions, mp + tp, mp > m-p, and m7p + m9 are related by 
isospin invariance. The scattering amplitude may be divided further into two 
independent isospin parts as discussed below. 

To determine the two complex amplitudes, F and G, without ambiguity, 
leaving aside the isospin decomposition, one needs three independent 
measurements namely the cross section, do/d2, the left-right asymmetry, An, 
measured using a transverse polarized target, and the spin rotation angle, 8, 
measured using a longitudinal polarized target. The connections with the 


amplitudes are: 


do/de = (FI7 +16)" . ' (1) 
Ay = 2 Im (F*G) / (\FI? + |GI-) , (2) 
penarg CF = iG sind) (CF -i1Gsiney)-. (33) 


There is a wealth of experimental data on do/d& and Ay but most is not of 
three star quality. There is no data on B below 6 GeV/c; consequently, the 
determination of F and G from Eqs. 1 and 2 above is racked with ambiquities. 
For example, both do/d2 and Ay are invariant under the transformation: 

F + iG > (F + 1G) exp (+5 i¢) , (4) 
with > (8=0) = 0. An especially disturbing case known as the generalized 
Minami ambiguity occurs when ¢ = - 8 changing all scattering waves by one unit 
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of angular momentum, e.g., Sy; +> P; and P3 ++ Dz. 

To compensite for the lack of data on the spin rotation angle all PWAs 
introduce some theoretical constraints to eliminate the many ambiguities and 
to select a solution in cases where there are several acceptable fits to the 
experimental data. The theoretical constraints used are: a) unitarity via 
the unitarity bounds on the scattering amplitudes; b) analyticity expressed in 
the form of forward, fixed-t or hyperbolic dispersion relations; c) isospin 
invariance. There is no need to worry about the validity of the unitarity 
bounds. The application of dispersion relations, which requires evaluating 
the disperison integral including a contribution of the unknown distant part 
of the left hand cut, has been questioned since the forward scattering 
amplitude measured in m-p + m-p around 20 GeV/c by Foley et ane does not 
agree with the predictions of forward dispersion relations. Recently new 
measurements have been reported by Fajardo et ane and Burq et ais up to 
300 GeV/c incident m~momentum which are in good agreement with the most recent 
dispersion relation evaluation by Hohler and Kaiser, -° see Fig. 2. This 
justifies our relying on the use of dispersion relations until spin rotation 
angle measurements become available. 


ai Gnas. Gamal ae ae bis T T | Goa me ( ij 
O1- 4th | 
2 = y ti 
. mpP—7) . ea il " 
ai , ; Pat, i Fig. 2. Test of forward dispersion 
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a -02} >| < y i es a 
calculation by Hdhler et al, 
=03 | for 1p + m7p. The experimental 
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Isospin invariance is expected to be valid down to the level of the Coulomb 
corrections and the effects of the u-and d-quark mass difference. There are 
only two isospin amplitudes in mN scattering, A,,/2 and Ay,;», see Table 2. 

Table 2 


Isospin Decomposition 


A (ntp > ntp) = At = Aaia and ot = pat)? = do/da (ntp + tp) 
A tap iarp) <=0A9 ny Aijaitey (Maza aandlee i= || As\iiae aay ciel igri) 
A (mp + Wn) = AQ = - 4 ¥2 (Ay/2 - Azz) and o® = |A0|* = do/da (n-p > 10n) 
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Isospin invariance in aN elastic scattering implies the relation: 

At -A- 2 V2 Ao, (5) 
This amplitude equality which holds at every energy and every scattering angle 
can be converted directly into triangle inequalities for the differential cross 
sections: 

(Vo - /5-)* 620 « (Vo + Vor)* , (6) 

These relations provide a model independent test of isospin invariance. 

They hold for spin-averaged cross sections measured with an unpolarized proton 
target and 21so apply to the cross sections obtained using a transverse 
polarized target, separately for spin up and spin down, the so called 
transversity cross sections, Z+ = o(1tAy). 


p= 625 MeV/c 


' Wife 


(mb/sr) 


do YAQ 


cos 8” 


Fig. 3. Violation of isospin invar- 
jance reported by the Gatchina 


group. The data points are 

Ay (x7 + 199) at Ty = 550 MeV os 6 

from Ref. 16. The shaded region Fig. 4. Test of isospin invariance 
is forbidden by isospin conserva- using the triangel inequalities, 
tion, it is calculated using the Eq. 6, at 625 MeV/c. The squares 
triangle inequality relations and are do/d2 (x-p + w9n). The shaded 
the data from Ref. 14.-16. area is obtained using **p * 1*p 


measurements and is forbidden by 
isospin conservation. Input data 
are from the UCLA group at LAMPF.*” 
It was somewhat of a surprise when the Leningrad group’’»’” hinted that 
the bounds of Ea. 6 tested using transversity cross section measurements, 


t 


— 
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were violated in the region of the Roper resonance at backward angles, see 
Fig. 3, implying isospin violation. The data used for this surprise 
announcement were a mixture of recent Gatchina’ >> and some questionable 
Rutherford data. ° The UCLA group at LAMPF is in the process of measuring the 
three relevant cross sections and the three left-right asymmetries. Their 
preliminary results contributed at this conference, -’ see Fig. 4, do not show 
a violation of the triangle inequalities in support of the approximate 
validity of isospin invariance in the region of the Roper resonance. 

To alleviate the dependence of PWAs on theory and to check that the 
existing PWAs are on the right track, it is absolutely necessary that 
measurements of the spin rotation angle 8 be made. This is now realized at 
Gatchina-° and at LAMPF*? where measurements are being prepared. 


III. COMPARISON OF mN PARTIAL WAVE ANALYSES 

There are three major, modern partial wave analyses. The largest project, 
covering the momentum region from threshold to 10 GeV/c, is by the Karlsruhe 
group which is updating and expanding the original Karlsruhe-Hel sinki PWA.> 
Fixed-t and fixed-68 dispersion relations are used to compensate for the lack 
of spin rotation data and sometimes for imprecise experimental results. The 
second effort is spearheaded by R. Cutkoski who is continuing the original 
Carnegie-Mellon University-Lawrence Berkeley Laboratory PWA, CMU-LBL 79 and 
80.° This work covers the momentum region from 0.4 to 2.5 GeV/c and uses 
continuity along certain hyperbolas in the Mandelstam plane as theoretical 


20 ; 
Aside from a 


input. The third and relatively new group is from VPI. 
report~~ covering the low momenta region up to 0.4 GeV/c, no detailed 
information is available as yet. There are also several outdated PWAs and 
some special, fixed energy analyses. °9°* An encyclopedic treatise of all 
aspects of mN scattering by Hohler?> in which these PWAs are included has just 
become available. We restrict ourselves here to a comparison of the results 
obtained by the K-H and CMU-LBL analyses. 

There is good agreement between the resonance parameters obtained by both 
PWAs. Of the 26 3 or 4 star N and A resonances 23 agree in the mass value 
within the quoted error, 19 agree in the width and 24 in the elasticity, and 
for the others the differences are minor. The situation for the 1 and 2 star 
"resonances" is almost opposite: mass and width differ typically by 100 MeV 
and there is no agreement on the existence of 5 one star resonance candidates. 

Finally, we compare both PWAs with experiments performed recently and not 
included in the data base. Shown in Fig. 5 is do/d® (w-p + mp) at pq = 586 
MeV/c measured at LAMPF by the UCLA group." The systematic uncertainties in 
the data are about 2%. The agreement of both PWAs with the data is reasonable 
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except in the dip near cos® = -0.4. The K-H result is slightly better than 
CMU-LBL. The left-right asymmetry, Ay, measured by the same group,-> is 

shown in Fig. 6 for ™-p elastic scattering, again the agreement is reasonable 
except near cos® = -0.5 where the old data used in the PWAs has large errors. 
This goes to illustrate that a PWA is not better than its data base. 


———, 1.0 PARAL EM aaa 
re-rp | 08 | 625 MeV/c j « 
586 MeV/c 
0.6 
0.4 
i 02 
ee 
iy 0.0 
pa 
L | pee 
Me | 
Gat | 04 
cA 7 
— aa) —0.6 
—0.8 
ee | oh 1. s) = 
=a we /  =10 
| 1.0 0.5 0.0 —0.5 = 1 (0) 
Cos@,_, 
Fig. 5. Comparison of recent 
do/d2 (w-p + mp) data*” with 
predictions based on K-H? (dashed) Fig. 6. Comparison of recent 
and CMU-LBL (dashed-dotted) PWA. Verio) = Urel9) asymmetry~> data with 


predictions based on PWA, solid 
line is K-H,” dotted is CMU-LBL,° 
and dashed is VPI.~° 


It is noted that K-H lists 24 N and A 1 and 2 star resonance candidates. 
In general, the existing experimental data are insufficient and/or inaccurate 
to assert the true nature of these 24 resonance candidates. More and better 
data are required before we can become confident about knowing the baryon 


resonances with natural flavor. 


IV. CLUSTERS OF RESONANCE POLES 

In his new ™N handbook,~> H6hler has made an interesting observation. It 
appears that many ™N resonances have, within the quoted error, the same pole 
positions. This clustering of resonances has potentially interesting 
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consequences for the quark model and other theories of the strong interaction. 

When there are several overlapping resonances with large inelastic 
channels, a unique and theoretically palpable definition of a resonance is 
non-trivial. The energy dependence of the elastic partial wave amplitude, in 
the ideal case, is given by a pure Breit-Wigner type formula: 

A(W) = Ry /(M-W- air) . (7) 

This equation implies that the resonance amplitude in an Argand diagram 
follows a counter-clockwise rotation, that the resonance phase shift increases 
rapidly near 6 = 7/2 and that the speed of the resonance amplitude |dA/dW| has 
a clear maximum. However, resonances are not purely elastic and besides the 


resonance part, Ap, there is a background component, Ap: 


AN=W Ane ( IEe27 Ap) AB (8) 
The modified Breit-Wigner resonance formula is: 
2 : 
IRIS IGG IBIS 3 a al (oA (9) 


Most compilations characterize a resonance by the parameters M, I, and n 
where the resonance mass, M, is the c.m. energy at which the real part of the 
denominator of Eq. 9 vanishes; the resonance width, IT, is taken at W = M and 
so is the elasticity, n = Te] / Tt. A resonance can also be specified by the 
location of the complex pole of A which occurs in Eq. 7 when W = ™M - ar and 
by the value of the complex residue Ry of Eq. 7. The difficulty with this 
definition is that one has to perform an analytic continuation of the 
scattering amplitude into the second sheet over an appreciable distance. Such 
an analytic continuation has been carried out by Cutkosky.° The values for the 
real parts of the pole position are shifted in comparison with the values of 
the mass parameters, M, by different amounts in the range 0 to 100 MeV. When 
Hdhler arranged the mN resonances according to their pole positions, he 
noticed several distinct clusters of resonances, as summarized in Table 3. It 
is important that selected new mN experiments be done to reduce the spread in 
uncertainty of the pole positions so the extent of the resonance pole 
clustering can be probed. It would, of course, be very interesting to 
determine the pole positions of the various A and © resonances to see if there 
is a similar clustering. 

If further experimentation would strengthen the case for clustering rather 
than proving that Table 3 is a mere accident, it would have interesting 
consequences for the Isgur-Karl and other quark models. 
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TABLE 3 
Clusters of mN Resonance Poles in the Complex Plane 


N Pole Position Isospin Name 

Re Im 

(MeV) (MeV) 
6 1665225 -55+15 1/2 STI Pr, ePigy O35 01s. Fas 
6 1880430 -120+30 3/2 Say, Psy, Pa3e 035. a5 haz 
5 2110+50 -180+50 1/2 D13, D15, G17, G19, 419 


N = number of 3 and 4 star resonances 


V. THE u- AND d- QUARK MASS DIFFERENCE 

There are strong theoretical prejudices for the case of the u- and d- 
quarks having different bare masses. Weinberg-° estimates Am = m(d) - m(u) = 
3 MeV and m(d)/m(u) = 1.8; a recent calculation by Gasser and Leutwyler gives 
m(d)/m(u) = 1.76 + 0.13 and Am, which is more difficult to evaluate, about the 
same as Weinberg's value. Different u- and d- quark masses imply isospin 
violation; this holds also in QCD. Consider the usual QCD Lagrangian 

Se tuyere emcd) dd =e (10) 
Lg contains the quark and gluon kinetic energy and the interaction terms 
and is invariant under chiral SUy x SUy transformations. If m(d) # m(u) this 
Lagrangian is manifestly isospin noninvariant. As Am is only a few MeV the 
expected isospin breaking is of the same order of magnitude as the one induced 
by the isospin violating Coulomb interactions. It would be interesting to see 
some experimental manifestations of this intrinsic isospin violation, 
originating from the quark mass difference. 

In the quark model | Att (1232) > = |uuu> and | A~ > = |ddd >. Naively we 
have m(A~) - m(Att) = 3am or about 9 MeV. More refined estimates St yield 
about 2/3 of this value, see Table ek a There are as yet no reliable 
measurements of this mass splitting. Fortunately, one can check a related, 
less sensitive mass difference namely m(A°) - m(At*) = 2 Am which is 
experimentally accesible using 1p scattering; the status is shown in Table 4. 
The best determination is by Koch and Pietarinen™ based on an update of the 
K-H PWA. The evaluation by Zidell et aie is not listed in Table 4 as the 
nearby left hand cut singularities were not included in the original mN 
partial wave parametrization, and the PWA is being updated. -” Table 4 shows 
that the experiment favors m(d) > m(u) with dm having the expected magnitude, 


though there is room for a better determination. 
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TABLE 4 
Mass and Width Differences between Members of the A(1232) Quartet 


Theory Ref. Experiment Ref. 

mass mass mass width 
Re iene es On a Wea: ro . ptt 

MeV MeV MeV MeV 

4.5 1.6 28 Daf A068 be b=LE0 32 
6.9 80) 29 Zr fied) 315) 2,021.8 33 
4.5 13 30 

ube) ihe 31 


Related to the preceeding discussion is the direct measurement of an 
isospin violation in m*p elastic scattering above the peak of the A (1232) 
which is experimentally easier. A group at SIN* has carefully measured the 
asymmetry parameter, Ay, in mp elastic and 1p charge exchange scattering and 
used their new data as input in a new simplified PWA. They have found a small, 
but clear difference in the P33 phases measured in tp and m-p scattering: 

at 1, = 238 MeV 633(m*p) - 633(m-p) = 1.619+0.550 and 
at Ty, = 292 MeV 633(™*p) - 633(m7p) = 1.95940.440 . 
This is currently our best available evidence for an intrinsic -- not of 


Coulombic origin -- violation of isospin invariance. 


VI. THE QUARK MODEL OF ISGUR AND KARL 

At the "Baryon 1980" Conference, the Isgur-Karl, I-K, quark model Hn was 
hailed as the most successful quark model calculation of the baryon resonances 
made thus far. The model is an extended version of the early non-relativistic 
three-quark models of baryons based on an ad hoc flavor-independent confinement 
perturbed by hyperfine interactions that originate from one gluon exchange. 
A review of both pre- and post- QCD quark models has just appeared>> 
together with a discussion of existing experimental data and data analysis. 

It is of interest to determine the level of agreement between the published 
mN resonance parameters, which are the best known set of resonance parameters 
and the I-K model calculations. The interest is enhanced by Hdhler's 
observation-* about resonance pole clustering. A global comparison between the 
Koniuk-Isgur °° I-K model calculations and the A and N parameters listed in RPP! 
is given in Table 5. Below about 1800 MeV all predicted resonances are 
observed, though often with a mass or mN decay amplitude just outside the 


quoted uncertainties. This is certainly a very nice accomplishment. The weak 


B.M.K, Nefkens / Pion-Nucleon Elastic Scattering 203c 


aspect of the I-K model calculations occur at higher energies where there are 


three resonances predicted with a strong mN channel as well as seven weak ones 


that have not been seen, see Table 6. New mN scattering experiments are needed 


to clarify this matter. 


Family 


Family 


TABLE 5 
Comparison of Isgur-Kar] Quark Model Predictions from Ref. 36 
with Experimental Data from RPP, Ref. 4 


Mass mN Amplitude nN Amplitude 
Correct Incorrect Correct Incorrect Correct Incorr 
6 5 8 3 7 4 
5 3 4 4 

TABLE 6 


Resonances Predicted by Isgur-Karl Quark Model, Ref. 36, 
not seen by RPP, Ref. 4 


Strong Weak Name 
2 P13(1870), P11(1890) 
5 Past 1955)) 6 75(1955)s Pret 1980)" 
P11(2055), P13(2060) 
tL P31(1875) 
2 P33(1975), F35(1975) 
TABLE 7 


Comparison of the Experimental Radiative Decay Amplitude of some light 


mN Resonances with the Predictions °° of the Isgur-Karl, I-K, Model 


Resonance 


P33(1232) 
P33(1232) 
P11(1420) 
D13(1520) 
D13(1520) 
5111(1535) 
$1 (1650) 
D45(1675) 
D15(1675) 


Amplitudes are given in the unit of 10° 


Isospin Ap An 
CEXOM I-K "Exp" I-K 

V2 -141+6 -103 

3/2 -258+48 -179 

1/2 -7049 -24 +42+19 +16 
2 -17+11 -23 -69+14 -45 
BIZ +166+7 +128 -136+14 -122 
1/2 +6715 +147 -78429 -119 
1/2 +45+17 +88 -23433 -35 
WY) @ +1348 tal -37+24 -37 
3/2 +22+12 +16 -54424 -53 

3 -1/2 


x [GeV] 


204c B.M.K. Nefkens / Pion-Nucleon Elastic Scattering 


The radiative decay of the ™N resonances is of particular interest as the 
magnitude as well as the sign can be determined using pion photoproduction. In 
the case of the neutral resonances it is preferred to use the inverse reaction, 
Tp > N* + ny to avoid the deuteron corrections that trouble yn > mN 
experiments. Table 7 gives a detailed comparison between the I-K model and 
experiment for the 6 lightest resonances. The agreement for the sign of the 
decay amplitude is very good but the magnitude is usually well outside the 
quoted error, particularly disturbing are the discrepancies seen in the lowest 
two resonances, the A (1232) and the Roper, showing little improvement over the 
work of the pre-one-gluon-exchange era. 


VII. HERMAPHRODITE BARYONS 

In the early years of the quark age the pivotal role in understanding 
hadron spectroscopy was played by the quarks. All baryons were identified by 
the type and configuration of the three constituent quarks; the gluons were 
used only for binding and otherwise had a passive role. The introduction of 
the "color degree of freedom"” has brought the emancipation of glue: 2 or 3 
colored gluons can form a colorless and, therefore, observable object called a 
glueball, G. The experimental search for glueballs is just getting into full 
gear; the expected mixing with conventional (q°) systems and possible 
occurrence of radially excited (qq) or even (qqqq) states may make it hard to 
discover these glueballs. 


TABLE 8 
Comparison of the Mass of Positive Parity ™N Resonances 
Predicted for Hermaphrodites (q°G) and I-K Three Quark (q°) 
States with Experimental Data from RPP, Ref. 4 


Mass in MeV 


# stars Name Exp (q°G) (q°) 
4 Pa 1440+40 1430+20 1405 
4 F15 1680+10 1980+30 IAS 
3 Pays: 1700+200 1600+30 1780 
4 PA 1710430 1680+30 1705 
4 P13 1745455 1770#20 1710 
4 P3} 1900+50 1800+30 1875 
3} P33 2010415 1960+20 1925 
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If glueballs exist then there must also be hybrids of quarks and 
glueballs, (q°G), called hermaphrodite” or meikton>” matter. Since the mN 
system is the best known resonance system, it is a natural system to give us 
evidence for or against this proposed new hadronic matter. Golowich et Pages 
have calculated the expected (q°G) spectrum of positive parity states using 
harmonic oscillator and a bag model. The result is shown in Table 8 and 
compared to the previously discussed Isgur-Karl three quark calculation. © On 
the basis of this table there is no need to invoke the existence of 
hermaphrodite baryons. 

Barnes and Close’” have considered the photoproduction of hermaphrodite 
baryons finding that the photoexcitation of the lightest candidates from a 
proton target is strongly suppressed but allowed from neutrons, not unlike the 
Moorhouse selection rule in the old quark model. They suggest that this 
eliminates the Roper resonance as a hermaphrodite baryon candidate as the 
radiative decay Pt, (1420) + py is not suppressed, see Table 6. Instead, they 
propose the P,, (1710) as a new candidate. We consider the case of the Roper 
candidacy not yet closed: suppose the new pion scattering experiments would 
find that the Roper actually has a double peak as originally suggested by 
Ayed.’ Finding a single peak, charged radiative Roper and a double peak, 
neutral radiative one would be indicative of a (geen state. New experiments 
on the radiative decay from the P,, (1420) and P,, (1710) from both the neutral 
and charged states will be very helpful in probing the proposed existence of 
the hermaphrodite baryons. 


VIII. THE aN SIGMA TERM 

Important among the low-energy results stemming from theories with broken 
chiral symmetry is the so-called mN sigma term, i.e., the nucleon expectation 
value of the equal-time (sigma) commutator of the axial-vector current with 
its divergence. The importance of the o-term stems from the fact that it is 
directly proportional to the strength of chiral symmetry breaking. In the 
framework of QCD this can be calculated directly from the quark bare mass term: 
(my + mg) < N(p) [uu + ddj| N(p) > 
+ small isospin breaking term . (ail) 


aot 
2 


Gasser and Leutwyler’ recently have reviewed and updated the available 
calculations; they find o (QCD) = 35 + 5 MeV, where older calculations give 
values from 20 to 40 MeV.”* 

The "experimental" value of the o-term can be obtained from on-shell aN 
scattering amplitudes extrapolated to an unphysical point in energy * using 
dispersion relations. Extrapolations published since 1973 have yielded values 
for the o-term from 56 to 86 Mev." Recently R. Koch’> has obtained o(exp) = 68 
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+ 8 MeV; in this new evaluation he makes use of hyperbolic dispersion relations 
and the K-H° PWA phases. 

The o-term is one of the few cases where a numerical prediction based on 
QCD together with a few reasonable dynamical assumptions can be tested 
experimentally at low energy. Thus, the discrepancy between “experiment” and 
theory looks interesting. Upon close inspection it turns out that the low energy 
PWA is not at all certain as it is based on no-star data. There is urgent need 
for new, accurate low energy mN data. A Karlsruhe group” at SIN is planning a 
careful measurement of the difference between a*p and m-p scattering in the 


Coulomb region with the aim of obtaining a reliable value for the o-term. 


IX. CONCLUDING COMMENTS 

The salient features of this mN review have been summarized in the 
abstract. We want to stress here the need for new do/d2, An, and 8 data at 
intermediate energies: a) to resolve the fate of the 24 tiny peaks in various 
partial waves found by the partial wave analyses and euphemistically called 
one or two star resonances by RPP; b) to strengthen or dismiss the potentially 
very interesting case of resonance pole clusters; c) to provide a strong test 
of the Isgur-Karl quark model by settling the case of the 3 strong and 7 weak 
resonances predicted but not seen; d) to probe the possible existence of 
hermaphrodite baryons; e) to provide a new value for the mN sigma term. 

It is a pleasure to acknowledge stimulating discussions with G. H&hler on 
the theoretical aspects of nN scattering and PWA. 

This work was supported in part by the United States Department of Energy. 
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FIRST WORKSHOP ON PION-NUCLEON SCATTERING 


Gerhard HOHLER 


Institut flr Theoretische Kernphysik, Universitat Karlsruhe, P.O.Box 6380, 
D-7500 Karlsruhe 1, Federal Republic of Germany 


A summary is given of a workshop held on the eve of the "FEW BODY X" 
Conference at Karlsruhe (August 20, 1983). 


The purpose of the workshop was to discuss the status of the experimental 
information on ™N scattering, plans for new experiments, and methods and results 
of ™N partial wave analysis. The workshop was organized by G. Hdéhler, B. Nefkens 
and H.M. Staudenmaier. 

B. Nefkens proposed to introduce a star system for m™N scattering 
experiments, which makes it easier to assign an appropriate weight to the 
existing data in partial wave analysis. - A collaboration of the CMU, Virginia 
and Karlsruhe groups plans to compare the different mN data banks and to 
produce a combined and corrected version, which can be used in forthcoming 
partial wave analyses. The new data bank will include "Comments" on experimental 
methods, procedures used for the data analysis and discrepancies between 
different data sets. 

A survey of the existing data was given by M.E. Sadler (0 - 1.0 GeV/c), 

J. Malos (1.0 - 2.5 GeV/c) and H.M. Staudenmaier (>2.5 GeV/c). J. Malos 
explained the reason why the important data set of the Bristol-Southampton- 
Rutherford group has not yet been published. He promised that a detailed 
paper will be available soon, 

Plans for new ™N scattering experiments at meson factories were described 
by A. Aniol (TRIUMF), W.J. Briscoe (LAMPF) and W. Kluge (SIN). 

The last topic was introduced by R. Koch, who compared the results of the 
most recent partial wave analyses. In general, the agreement between the 
CMU-LBL? and KH? solutions is good, although the methods are quite different. 
Some discrepancies are due to different compromises in cases where data sets 
are contradictory. Others occur in the tail of high partial waves. - A large 
discrepancy between the KE? and vers solutions is caused by the fact that the 
Virginia group ignored the existing information on the nearby left hand cuts of 
the partial wave amplitudes. - The Leningrad aoe ene is not compatible with 


ees) 
the forward dispersion relation . 
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My talk on the "Methods of ™N Partial Wave Analysis" appears elsewhere in 
these beocessinga The main point is that the existing solutions can be 
improved by using the prediction for the tail of high partial waves that follows 
from the Mandelstam hypothesis. Other consequences of this hypothesis have to 
be applied anyway in order to obtain a unique solution. 

If Mandelstam analyticity is ignored, partial wave analysis is not well- 
defined in a generally accepted way. One can derive a unique solution only by 
introducing various ad hoc assumptions which have no theoretical justification 
(sharp cut-off of the partial wave expansion, a special parametrization of the 
energy dependence, etc.). 

It is planned to include the other contributions to this workshop in an 
informal report called "mN Newsletter", and to distribute it to the participants 
and to others who are interested. The "Newsletter" will also contain further 
"Comments" on TN scattering experiments, partial wave analyses or applications 
of partial wave amplitudes, and information on new experiments and new partial 
wave analyses. Copies can be obtained from our institute or from B. Nefkens, 
Dep. of Physics, University of California, Los Angeles. 
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MESONIC DEGREES OF FREEDOM IN FEW NUCLEON SYSTEMS 


Moderator F. Lenz SIN 
Raporteur Y. Avishai Beer Shava 


1. Introduction. 

Mesonic degrees of freedom (MDF) in few nucleon systems are the corner 
stone of nuclear physics since the emergence of the Yukawa theory. Thus, 
nucleon structure, NN interaction (strong, electromagnetic and weak) are all 
based on MDF. The mounting evidence of quark structure and the belief that 
quantum chromo-dynamics (QCD) is the underlying field theory of strong inter- 
actions confronted nuclear physicists with a great challenge: to construct a 
unified theory of nuclear forces at long and short distances. 

In the present few body conference, we have had many contributions and 
discussions pertaining to this goal. Yet, in this discussion session we will 
not touch this subject directly. Rather, we shall discuss the MDF in few 
nucleon systems with special attention focused on the coupling to excited 
states of the nucleon (A and N*). Evidently, the relative simple description 
of these states in quark terms and existence of coupling schemes such as ANn 
indicate that the study of MDF in connection with N,A,N* is an important in- 
gredient on the way to the main goal. 

Before entering into the subjects of discussion, it is worthwhile to remind 
ourselves how deeply MDF are interlaced with few nucleon systems. This we 
Shall do briefly, focusing on one nucleon, nN interaction, two nucleon and few 
nucleon systems. 

Let us then start with the nucleon. The mesonic cloud around the nucleon 
determines its interaction range (e.g. the pion comption wave length ~ 1.4 fm). 
Unlike QCD, the strong coupling made it very difficult to predict short dis- 
tance behaviour and to get valuable information on the "inside" of the nucleon. 
This later ignorance is now being eliminated after the discovery of quark 
degrees of freedom. The structure of the nucleon and its excited states (A,N*) 
are now explained in relatively simple terms. The size of the nucleon is 
determined by the bag model radius. Notice however that at distances greater 
than 1 fm, the pionic cloud prevails. A unified theory (of the nucleon and its 
surrounding mesons) which is based on QCD still does not exist. 

Next, let us mention the mN interaction. This was one of the most extens- 
ively studied systems. The strong aN interaction is intimately related to 
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nucleon structure. In the past, the Chew-Low theory was successful in the low 
to medium energy range but nucleon-structure effects have been replaced by cut- 
offs. From the MDF point of view, the treatment of the A state has undergone 

a crucial change in the passage to the quark picture. Furthermore, Chiral 
(little and cloudy) bag models should be able to account for nN scattering 

with nucleon structure effects built in. Still, there are several open prob- 
lems like e.g. the non-resonant partial waves, effects of other mesons, and 
above all, understanding aN scattering up to very high energies. 

It is also worth mentioning the role of MDF in weak interaction. The exist- 
ence of strangeness conserving non-leptonic weak interaction (which is the 
origin of parity non conservation in nuclei) has now been established. Theo- 
retical models of weak meson nucleon vertices based on quark SUg models have 
been suggested recently. Such models can be tested by +p scattering experi- 
ments. 

The role of MDF in the NN interaction cannot be overestimated. The meson 
exchange potentials describe rather well the long and medium distance inter- 
action. A beautiful example of pion physics in the deuteron has been recently 
demonstrated. The short range behaviour has now started to be unravelled 
thanks to the quarks picture. Still, a unified theory at all distances does 
not exist. Should it be established, we will be able to build nuclear physics 
from prime principles. 

MDF play also an important role in NN weal interaction. The mesons carrying 
the force meet one nucleon in a strong vertex and the other one in weak vertex. 
Evidently, MDF appear also in studying electromagnetic probes on the NN system. 
Meson exchange currents modify the electronmagnetic properties of free nucleons 
such as magnetic moments and form factors. 

Finally, MDF in few nucleon systems are of much importance. The dual role 
of the pion as a physical partiale (which can serve as a probe in scattering 
experiments) and an agent of the nuclear force led to special interest in 
reactions involving scattering, absorption and production. In particular, it 
has been suggested that understanding of the absorption on two nucleon states 
can shed some light on the controversial dibaryon resonance question. The 
confrontation of multiple scattering predictions with those of theories based 
on quark models may illuminate important issues such as off shell effects, 
overlapping nucleons, color excitations etc. It is likely that the familiar 
multiple scattering theory will be replaced by a new theory based on QCD. 
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Having presented a telegraphic compendium of the main issues, we now pro- 
ceed to the points to be discussed. It has recently been realised that pionic 
excitation of the nucleon via processes like N+N + N+A is an essential element 
in intermediate energy (Ey > 400 MeV) NN reactions. This concept is now used in 
models of nucleon-nucleon dynamics as well as in reactions involving absorption 
and production of pions on light nuclei. A critical discussion of this point 


is then worthwhile. We will then address the following questions: 


1) Mesonic degrees of freedom in the two nucleon system beyond meson exchange 


potentials (short range parameters, coupling to isobar states etc.). 


2) The role of A < aN process, how far it can be persued in few nucleon 
systems (NN scattering, md scattering, three nucleon bound states form 
factors etc.). 


3) Dynamics of pion absorption in few nucleon systems; is the mNN + AN > NN 
process dominant ? What about non-resonant partial waves ? Can one explain 
the suppression of absorption on T = 1 NN pairs ? Are there signatures of 
dibaryon resonances related to these reactions ? 


In section II, coupling to isobar states in the two nucleon system is dis- 
cussed by E. Lomon. In this context the MDF enter only through virtual pions 
mediating the forces between nucleons and isobars (Any. A unified descrip- 
tion of NN force, md scattering, three nucleon bound-states and electromagne- 
tic structure of three nucleon bound-states is discussed in section III by 
P.U. Sauer. Finally, pion absorption by She and 34 is discussed in section IV 
by T.S.H. Lee. The absorption on 3He has been the subject of recent experi- 
mental investigations, which have been reported in this discussion session by 
the Basel group. Some concluding remarks are drawn after section IV. 


214c Y, Avishai / Mesonic Degrees of Freedom 


II Deuteron Properties of Models with Isobar coupling, with implications for 


the N" (1440) Magnetic Moment (Earle Lomon) 


1. INTRODUCTION 

Previous studies of the roles of the AA isobar in the deuteron have indica- 
ted anywhere from 0.3% to 3.5% AA component. Theoretical constraints used 
included single pion and, sometimes, o meson exchange transition potentials, 
while low energy scattering data was used as a phenomenological constraint. As 
two-pion exchange range transition potentials are likely to be important, and 
have not yet been calculated, these investigations were over-constrained theo- 
retically. On the other hand they did not use the experimental information 
from intermediate energy scattering data above elastic threshold, which is par- 
ticularly sensitive to the isobar channel coupling. A model has recently been 
published® which fits the nucleon-nucleon data for all partial waves (including 
the Uos and 2b structures) for laboratory energy EY <= 800 MeV. It uses a 
field theoretical NN potential and one-pion exchange plus phenomenological two- 
pion range transition potentials to the NA,AA and NN*(1440) isobars outside a 
boundary condition core. The constraint of the energy dependence of Sig? S10 
and E, removes much of the arbitrariness of previous coupled channel calcula- 
tions of deuteron properties. 

The amount of coupling to higher mass channels required to give the correct 
energy dependence to the intermediate energy §s,-°b, phase shifts and coupling 
parameter is substantial® and implies that the amount of isobar channel in the 
deuteron is about 2.7%, on the high end of the range previously considered. 
But the proportion of coupling to different isobar states is not well deter- 
mined by the elastic data (In the future, comparison with n p inelastic data 
will restrict it.). The resulting difference in deuteron properties does, as 
we see below, remove much of the uncertainty. 

In the model developed for the NN scattering data the aa(*s, ) and NN#(?S,) 
channels were coupled to the nn(*s, -°0,) channel, as their relatively low 
threshold and angular momentum barrier gives them the most influence on the 
oo, energy dependence. As the AA and NN* channels have nearly the same 
threshold their influence on NN scattering is interchangeable. In Ref. 2 the 
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phenomenological short range (5!) transition potentials and the boundary 
condition coupling used were in approximate proportion to the OPE transition 
potentials. However different amounts of AA or NN* dominance can be achieved 
by changing the proportions of these short range transition interactions. Fur- 
thermore the aa(’D,) state, which has less influence on the scattering because 
of the angular momentum barrier, importantly affects the deuteron magnetic mo- 
ment Ups 

As detailed below, Up is incompatible with AA dominated isobar components , 
but can be accommodated by plausible values of the N* magnetic moment if the 
Nn*(?s_) channel is the major part of the isobar component. There are present- 
ly several competitive models of N* structure whose predicted magnetic moments 
need to be compared with the range allowed by Up: 


2, THE MODEL 

We keep the NN potential and the OPE transition potentials to the S states 
of AA and NN* exactly as described in Ref. 2. The NN potential is obtained 
from single 7, », w and mn exhange and from a non-relativistic calculation of 27 
exchange with nucleon intermediate states’, The isobar intermediate states are 
included through the explicit channel coupling. The OPE transition potentials 
are of the form 


Fee eh P iid og! peace veto SoUSLuN)) 
eo. Aa ae bea b ON® ab 2° 
* Sls ae -] -2 -3\_-x 
where Vox) = 50 12. V(x) = (x + 3x + 3x ~)e ~ and the operators are 


either ordinary (iso)spin one-half or transition (iso)spin one-half to three- 
halves operators. The OPE transition potentials from the 0a(D,) channel are 


v_ENN(?S, ) - a(D))] = 0.276 wvp(ur) 


and v_ENN(D, ) if aa(’D,)J = -0.056 uV,(ur) 


SRESULEMTS 

In case 1 we omit the aa(’D,) channel altogether and keep approximately 
equal strength two-pion range transition potentials and boundary condition 
couplings to the aa(*s, ) and Nn*(95,) channels. This resembles the s,-°b, 
model of Ref. 2, but a new fit to the data was obtained because of a numerical 
error in the published result (the sign of Ey is opposite to that shown). A 


good fit to the data for EF < 800 MeV is obtained with 
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3 3 2 -]_-2ur 
Vo ENN ( S)) - AA( S1)] Dale 
3 3 e -]_ -2ur 
Vo, ENN( D,) - AA Sy) ] 2.95r e 
3 age i: -] -2ur 
V5, ENN( s) - NN*( Sy) Oe eS 
3 3 cel -]_-2ur 
Vo,, LNN( D,) - NN*( S,)] Cease 
and Tes = 12. 3104, fo =e llaors fp 223.56 Feo AA = 4.6, fp aa = -0.4, ita ke = 
3106 Fo NN =) 57/0 FD NN = 0.4, FuN® NN* = 3.5, and Fan NN* = 0.0. 
This results in a deuteron with 2.2245 MeV binding energy, Po = 6.0%, 
Paa(s) = ah Prin = |.6%, QiA = .289 on and n = .0270. The Q and n agree 


4,9 but Q may 


with measurements, neglecting meson exchange current corrections 
be too large when the corrections are computed for this model. 
Assuming the quark model value of the A magnetic moment, GMb? the deuteron 


magnetic moment 1s 


vf Bis z 
Up = Uyec + Hp * Uy t Eg - Gly * wy) Pp - UP ancs) 
Gee wees MME Pa iGies ts aes LEG: 
p im 2 A’ AA(D) p n s’ NN*. 


The average of the magnetic moments of the two isospin states of the N*, i 
(us + ur) is experimentally unknown. Taking into account MEC corrections’, 
IMEC = 0.006 requires HS = -].0, for this case. We note that this case already 
has somewhat less AA than NN* component, and the AA is all in the = State. 
The above equation shows that the coefficients of PAA are positive, and that 
the coefficient of Paa(p) is substantially larger than the coefficient of 
Panes )\2 

In case 2, the AA D,) channel has been added with the OPE coupling de- 
scribed above. A good fit to the EL < 800 MeV data was obtained which mini- 
mized interaction with the Ad channels, using 


(/ 


3 7 -] -2ur 
Vo, ENN ( S,) - AA( D,)] = -2.0r e 


3 t -1 -2ur 
Vo, LNN( D1) - AA( D,)] Ona 


3 . At -] -2ur 
Vo, LNN( Sy) AA( Oe “e@ 


wn 
ot 
= 
_ 
| 


3 3 ab -]_-2ur 
v>,{NN(*D,) - aa(9s,)] = 0.8r le 

3 3 -|_- 
VoqENN(75,) - NNK(AS,)] = -2.1r Veceur 


v,,CNN(3D, ) E nn*(?s, )] = -0.5¢ 'e72ur 
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@l oF = 9). - =) || oth. zo = 2. = 
a SigS OE: S,D asst fob p> Fan(D) ,AA(D) aos a(S seats) 
Stale fo NN = -4.0, Fae INN = 1.0 and all other f's vanishing. 

The resulting deuteron has 2.2245 MeV binding energy, Po ae tion Pa(D) = 
0.4%, Pracgy = 0.0% and Puyy = 2.3%, giA = 284 fm? and n = .0261. The value 


of n 1S consistent with experimental indications, but git may still be too 
close to the experimental Q to allow for the meson exchange current corrections 
(which are yet to be calculated for this model). 

Using the above formula for lip> we find that u* = -0.1 for case 2. We note 
tnat a fit that eliminated completely the AA components would fit Up with u* = 
+0.5. As large negative values for u* would require very special models the 
experimental value of lp Seems to favor NN* dominated deuteron models with AA 
components constituting less that half of the total isobar content of ~2.7%. 

As the N*(1440) mass is not easily obtained in a bag model there are several 
competing models containing one or more of the following quark configurations ; 
eae eid: Hie se “yen ibaa Be gluon], Uses mon- 
opole vibration of bag]. The u* of these models have not been published, but 
should be examined to determine if they satisfy u* < 0.5 and what proportion of 


AA components is implied. 


3. CONCLUSIONS 

The constraints of a field theoretic NN potential and one pion exchange 
transition potentials to isobar channels together with scattering data from 
threshold into the inelastic region are sufficient to determine the overal] 
strength of the two-pion exchange range transition potentials and boundary con- 
dition coupling. The resulting deuteron has about 6% D state and about 2.7% 
total isobar component. The predicted values of Q and n are close to the ex- 
perimental values without meson exchange current corrections. 

The proportions of AA and NN* isobar components are not determined by the 
elastic scattering, but may eventually be determined by inelastic data. The 
value required of the isospin sum of the N* magnetic moment, u*, to fit Up is 
very sensitive to their proportions. If one expects that u* > -1.0 then the 
NN* component needs to be about one-half or more of all the isobar content of 
the deuteron. Model values of u* are required to be less than 0.5. 
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III Two Nucleon Force Model with A and 7 Degrees of Freedom (P. Sauer). 


Above r=1 fm, the N-N interaction is understood in terms of meson exchange. 
The long range is dominated by OPE while the medium range attraction is gene- 
rated by the scalar part of the irreductible 27 exchange in which intermediate 
nucleons can be excited to A isobars. The p and w exchanges generate the shor- 
ter range part. At r<l fm, quark degrees of freedom become important and ac- 
count for repulsion of the core through color magnetic interaction. Attempts 
to unify quark and meson exchange picture for the nucleon-nucleon interaction 
are so far not successful. 

Meson exchange and internal nucleonic excitation in a relativistic descrip- 
tion are important for the derivation of the two nucleon potential. The deri- 
vation usually results in an instantaneous two body potential. In the model 
suggested, the potential can excite a nucleon to a bare A isobar. It couples 
through a vertex 

ail) A =m 


A Sf! —l os —- 
ECON (2w(p)) “+p 


to P23 pion nucleon states and thereby build up the physical P.,, resonance, 


which is energetically the most easily excited baryon A aac For the NA 
interaction the instantaneous potential contains all meson exchanges, except 
half the OPE which arises from the energy dependent coupling to the NNr 
channel. Thus, it includes both A isobar excitation and pionic degrees of 
freedom. It is flexible enough to describe, on the one side, NN scattering 
below and above the inelastic threshold as well as md scattering but on the 
other side, remains simple enough to be used also in nuclear structure cal- 
culations. 

In the introduction we have mentioned the special role of the A in the 
quark bag models together with its characteristics as a baryon resonance. This 
picture is implied in the present model where the A is a quark bag which re- 
cieves its dressing as Physical baryon resonance due to its coupling to the 
pionic channel through the mNA vertex. 

I shall now describe some consequences of the present model when applied to 
a three-nucleon system 4 This has been done by including wave-function compo- 
nents containing a single A isobar in the three nucleon wave-function. Multi- 
ple A-effects are ignored. The two-nucleon interaction acts in all partial wa- 
ves up to total angular momentum J=2. The presence of a A-isobar increases the 
three-nucleon binding energy by about 0.3 MeV, 0.6 MeV repulsion being a dis- 


Y. Avishai / Mesonic Degrees of Freedom 219¢c 


persive two-body effect, and 0.9 MeV attraction arising from the three-nucleon 
force with an intermediate A-isobar. The effect of the A on the three-nucleon 
charge and magnetic form factors and on the weak decay is investigated. 

The model revives the A-isobar degrees of freedom for the three-nucleon 
bound state. It uses the coupled channel approach as a clean and consistent me- 
thod for calculating the nuclear structure corrections due to the A isobar. We 
observe and emphasize that a complete calculation of A effects is crucial, be- 
cause the different A mechanisms compete and often tend to cancel. For example, 
the attractive binding-energy contribution of the A mediated three-nucleon for- 
ce is partly balanced by the repulsive two-nucleon dispersive effect. We are 
also concerned about the standard calculations of exchange current corrections 
for e.m. and weak properties. We expect the observed competition between A 
corrections to persist when multiple A excitations and other baryon resonances 
besides the A were considered. 

Qualitatively the corrections due to single A excitation reduce the disagree- 
ment between theory and experiment, but quantitatively they are disappointin- 
gly small. The description of the e.m. and weak properties of the three-nu- 
cleon bound states will be improved by the inclusion of mesonic exchange cur- 
rent contributions. However, the hope that the discrepancy between experimen- 
tal 34 binding energy could be overcome by a A mediated three-nucleon force 
has not been fulfilled, and this hope was the driving motive for the calcula- 
tion. We consider the problem of the missing binding energy as grave. 

We would like to ask, using the three-nucleon bound state as a substitute 
for the heavier and more complicated nuclei : does the picture of the nucleus 
as a nonrelativistic system of interacting nucleons, baryons resonances and 
mesons work quantitively ? Even after the rather ambitious A treatment, we 
are still unable to answer this question. 

Other features of the model together with its success in describing two 
nucleon data, td differential corss-section, three nucleon bound-states and 
SHe charge form factors are detailed in the contribution by Pdping, Sauer and 
Xi-Zhen to this conference. 

The conclusion is then a reconfirmation of the traditional fact that the 
treatment of the virtual A in bound systems of nuclear structure as a stable 
particle is a valid approximation. It remains to be seen to what extent this 
approach can, in general, cure the existing problems in the microscopic theo- 
ry of nuclear structure, where three body forces are essential. In the treat- 
ment of three body forces here, an attempt is made to unify aspects of inter- 
mediate energy physics and low energy nuclear physics. 


iyee.U. Sauer et al, Nucl. Phys. A405 581, 605, 620 (1983). 
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IV Isospin Dependence of Pion Absorption on 3He (eSiahien Eee) 


The following discussion is focused on AN <—>NN dynamics in pion absorption 
reactions on Pier Experimental measurments of (1 ,pp) and (7 ,pn) on She have 
been reported by several groups. In the present discussion session we learned 
about the results of the Basel group (Reported by Ulrich). The reason for 
going from deuterium target to 3HHe target is that due to spin and isospin cons- 
traints on the deuteron wave-function the md+NN process only probes T=0 NN 
pairs. Our interest in AN << NN dynamics therefore requires heavier targets 
in which nucleon pairs with various spin-isospin configurations are accessi- 
ble. Only then we will be able to get a complete microscopic understanding of 
pion absorption reactions. 

All the pertinent measurments have shown that pion absorption on a T=1 NN 
pair of nucleons in Sue target is strongly suppressed and its strength rela- 
tive to a T=0 pair of nucieons does not follow a simple isospin arguments. 

This is reflected in a quantity R(E,9) defined by 


R(E,8) = do/da(n” spp) 

do/dQ(m ,pn) 

Since nucleons in He are predominantly in the relative S states, the in- 
termediate AN in the 53 state, which dominates absorption for a T=0 nucleon 
pair is fordidden for a T=l pair. It is clear that we need a sufficiently 
detailed AN.—> NN dynamics to explain these important data. I want to stress 
the point that any theoretical approach must take into account the dependence 
of R on energy and angle. It is also crucial that each cross-section is repro- 
duced separately and not only their ratio R. 

In a work completed recently (with K. Ohta and M. Thies) it has been shown 
that a model Hamiltonian for N,7,A can successfully be constructed to descri- 
be both the magnitude of the (1 ,pp) and (1 ,pn) cross-sections as well as 
their ratio R. The general considerations pertaining to the absorption mecha- 
nism at E p00 MeV were as follows ; absorption is a two body process which is 
divided into isobar excitation (fig. 1a) plus corrections. These corrections 
include a). P11 nucleon pole term (fig. 1b) b).S wave absorption (fig. 1b) 
and c)." pre-existence “ of A in nuclei (fig. 1d) 
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The crucial point in our approach is concerned with the determination of the 
input parameters to the 7,N,A Hamiltonian beyond the OBE. In the present work 


they are chosen to fit all data of the reactions 


TN > 1N (E < 300 MeV) 

NN > NN, NNr (E < 1000 MeV) 
(including md+td,pp,mpn). The model Hamiltonian is chosen with attention to 
the following points 1) Simplicity, namely, we keep only mNA coupling and 
account for two body processes like NN<—=NN, and NN<—>NA. mN,NN, and td 
data are all quantitatively described. 2) Consistency with meson exchange 
mechanism. We start from the Paris potential, and include t,o exchange for 
NNSNA AA, NN*. In this way, ™N (Esl GeV) and NN(E<2 GeV) are well described. 

The calculations of the absorption cross-section involve graphs as in fig. 
(2a). Two important points must be stressed here ; 1). Exact integration over 
the She wave-function is needed to get accurate prediction of the theory. 
For example ri /T ratio of d?o/d2,d2pdP d°o/dn, 40, are all sensitive to the 
accuracy of this integration (partial-wave dependence is strong). 2). Three 
body rescattering terms can be neglected (see fig. 2b). 
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Calculations based on the model of Betz and Lee show that the ratio R can 
be understood successfully from the mNN => AN => NN dynamics determined 
from the mN and NN scattering data. No additional absorption mechanisms are 
necessary. It is important to note that by fitting NN inelasticities given by 
phase-shift analysis the essential dynamics of the NN <~ AN <— NN process 
is incorporated in the model. In fact, the NN <> AN t matrix (calculated from 
the model) in the channel ‘Do (NN) aye °s(AN) is much stronger ug Cae in 
other channels. This simply reflects the fact that NN scattering in D, has the 


largest inelasticity. The consistency of the ™NN <— AN <— NN dynamics with 
the NN scattering is essential for the understanding of pion absorption on She. 

Kinematics of NN coincidence measurments indicates that the two ejected 
nucleons can come from either (A) an interacting nucleon pair or (B) one from 
an interacting pair and one spectator or (C) the genuine three body process. A 
careful investigation of the data indicates that the three body term (C) can 
practically be neglected in any region. It is now possible to investigate the 
ratio R under the assumption that only two body processes dominate. The diffe- 
rential cross-section for (1 ,pn) looks very similar to that of (7* ,pp) except 
that the maximum of the lump is shifted by about 5° and the magnitude is much 
smaller. As shown in our work these differences are brought about by the fact 
that the (1 ,pp) reaction is dominated by the S wave AN state while the (7 ,pn) 
reaction is dominated by the P wave AN state. Clearly, the ratio R is a func- 
tion of angle and not an overall constant which one would have expected from 
isospin consideration alone. 

In conclusion, the essential physics of the pion absorption by 3He can Suc- 
cessfully be described by the two body mechanism provided that the essential 
NA <== NN dynamics in different partial waves is determined from NN scattering. 
Three body absorption mechanism (mediated by two body interaction) is found 


to be very small. The two body process mNN <<” AN <== NN seems to be essen- 
tial absorption mechanism. 
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CONCLUDING REMARKS. 


There is a general feeling that the nucleonic degrees of freedom alone fail 
to account for all the expérimental data and that before we will have a OCD for- 
mulation of nuclear physics, the necessary ingredient is supplied by MDF. In 
this context, few nucleon systems are the most appropriate theoretical labora- 
tory. The message of our discussion session is that coupling of nucleons to 
A,N* through meson exchange is rather essential at intermediate energies. A 
natural question now arises of whether the success of this idea is short lived, 
or it will become a part of texbooks. Apparently consistence with QCD require- 
ments will determine the answer. If, as we hope, success is not accidental (in 
spite of the fact that the " true " degrees of freedom are quarks and gluons) 
then an overlap between these two concepts is called for. This is the realm 
of bag models and large No (number of colors) OCD. It is likely that this as- 
pect of MDF in few nucleon systems will open new channels both in theory and 
in experiment. Hence, this domain of nuclear physics is worth being explored. 
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NUCLEON-NUCLEON EXPERIMENTS AND PHENOMENOLOGY 


D. V. BUGG 


Queen Mary College, Mile End Rd., London El 4NS, UK 


Recent experimental results on NN elastic and inelastic scattering up to l 
GeV are discussed. A unique amplitude analysis of NN*Dr is now possible up 
to 580 MeV, if ome uses reasonable assumptions about phases and high partial 
waves; results agree qualitatively with predictions of Blankleider and of 
Niskanen, but exhibit quantitative disagreements for 3p} and 3P 5. BASQUE 
(TRIUMF) data at 425, 465 and 510 MeV on pp>*npm* are presented and discussed. 
They exhibit considerable similarities with pp>dnt, but an important 
difference in Ag;. They demand small(negligible) inelasticity in 3P5 and a 
sizeable amplitude for “P,+*nZ**, where Z stands for the 1N eal wave. Data on 
Ayo, Aon and Ag; indicate a final state NA phase of about 45" for the 
dominant ~Dj*NA at all three energies. A shortlist of crucial outstanding 
experiments up to 800 MeV is compiled. 


1. INTRODUCTION 
Data will be discussed in order of increasing interest: (a) elastic, 


(b) NN+>Dr and (c) NN-NNr. 


2. ELASTIC SCATTERING 

New results submitted to this conference are discussed briefly here. The 
non-partisan reader is advised that elastic scattering is now well enough known 
that these data are pinning down fine detail rather than fresh qualitative 
features. Figures displaying the new results are to be found in contributed 
papers. 

2.1. Below 100 MeV 

New np P and Aun data of impressive accuracy between 14 and 50 MeV are 
presented by groups from Karlsruhe soa Wisconsin? and Erlangen ee These 
data will improve our knowledge of the longest range part of the spin-orbit 
potential. However, below 142 MeV, the major phenomenological uncertainty 


in present data. 
G7 
8 3 - ox 

An interesting preprint of Grach et al. fits P matrices of Sys €, and D, up 


remains the value of Ey which is horribly correlated with a, 


The experiment which would resolve this is an accurate measurement of A 


to 800 MeV, and concludes that Arndt's values of a below 100 MeV disagree with 
any reasonable theory having a long-range OPE tail. 

The Louvain group presents Haka on elastic and capture differential cross 
sections between 45 and 75 MeV, and finds results disagreeing with previous data 


? ; neti ee nee 
and (therefore) Arndt's analysis. In view of the uncertainties in Pie this is 
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not necessarily surprising. 

2.2. 500-1000 MeV 

The Geneva group has completed very extensive and accurate measurements at 
SIN of pp spin-correlation, Wolfenstein and triple-spin parameters at 448, 494, 
DlS) Dob, SOO and) 5778 MeV. New results at 560 MeV, with accuracies of 0.03 
from 34 to 122° c.m., are presented at this conrevenca as There are no surprises 
and results agree with the Saclay-Geneva phase shift aauyets and with my 
analysis and Arndt's. Amplitudes from 425 to 580 MeV are now determined very 
securely, both by phase shift analysis and by direct reconstruction of ampl- 
itudes from the data, bypassing phase ieee 

Also from SIN, there are measurements of do/d® for np charge exchange from 
200 to 590 ey These results need to be scaled un by 5% in normalisation 
(within the errors) in order to agree with BASQUE data and the conventionally 
Reed value of Ce 

From TRIUMF, there are valuable measurements of pp do/d2(90°) from 300 to 
500 Nev « These establish absolute normalisations(+1.8%), which previously 
have been rather poorly known, except for the accurate data of Chatelain et 
Pivotal from 515 to 580 MeV. The two experiments agree well. 

From LAMPF, there are accurate pp measurements of (i) Dy 90") from 380 to 
800 eve. and (ii) P and Wolfenstein parameters at 699 and 750 Mayo There 
are no surprises in these data, but it is likely that they will complete firm 
phase shift solutions bridging the 650-800 MeV gap, where previously there 
were very few spin-dependent data except P. 

The Saclay React Ge presents new Ag, results from 550 to 2400 MeV. It is 
interesting that their results lie systematically about 10% higher than earlier 
zGs-" and LAMPF-? results, although they do not quote a normalisation error. 
TRIUMF data from 200 to 520 Mev~° also lie systematically 10-20% higher than 
ZGS and LAMPF results. My current phase shift solutions agree well with 
Saclay data for both Ag, a AG. from oe 970 MeV. 

My phase shift analysis and Arndt's” now agree closely up to 970 MeV 
(including Gatchina data), except for one detail to be discussed here. My 
belief is that the current Saclay-Geneva solution also agrees closely, except 
for a few minor wiggles (associated with instabilities in high partial waves) 
where data have been sparse (650-1000 MeV). For I=l, the details on which 


there has been disagreement are the magnitudes of inelasticities in 3p and Is 


0) 0° 
where Arndt has always favoured rather large inelasticities, and I have had 


almost none. The origin of this has been mainly that Arndt has fitted ZGS- 


LAMPF Ao, and Ao,, data and has discarded TRIUMF results; I have fitted both, 


oi 
allowing the normalisation uncertainty quoted by each experiment, and resulting 
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in a fit roughly midway between the two 26,27 


As I will show in Section 4, 
inelastic data upto 510 MeV now conclusively limit the inelasticity in °e, to 
20% of Arndt's 1982 value. 

The pp amplitudes are now secure and accurate up to 800 MeV, and anyone 
proposing further elastic experiments must justify them against this background. 
Some tidying up is desirable at Gatchina energies, where some Wolfenstein 
parameters are out of line with phase shift solutions and with the trend of 
data from lower energies. The np data give secure I=0 phase shift solutions 
from 140 to 515 MeV and a very shaky solution at 800 MeV. There is a dearth 
of np data around 90° above 495 MeV, and a crying need for measurements of 
AL and Age across the full range 30-160° at 650 and 800 MeV. ‘These measure- 
ments will begin shortly at LAMPF-? My belief is that, in order to close this 


story, it will also be essential to measure DK and possibly R SK 


An interesting paper has been submitted to res conference by bane and 
eae. They show explicitly how to derive all amplitudes from do/df, P, 
Wolfenstein and spin-correlation parameters. They remark that triple-spin 
parameters are not needed in principle. This coincides with my own observation 
that the limited accuracy of triple-spin parameters is in practice such that 


they have little impact on phase shift analysis up to 800 MeV. 


3. NN=Dr 
There are several contributions to this conference on pprdn- data from 500 
to 800 MeV. Comment on these data will be deferred to other speakers. Here, 


results will be presented of my analysis of earlier data from threshold to 


580 Mev? 

There has been an earlier analysis of this channel by Watari and 
Gsldbovators- They have done an energy dependent analysis up to 800 MeV, 
freeing both amplitudes and phases of most waves up to ey However, many 
features of their solutions look odd. For example, they finda larger amplitude 
for 9p ran(L=2) than for *p >L=0, despite the centrifugal barrier in the final 
state, and also amplitudes for 1y +L=3 and Io +L=3 much larger than theory 


Me 4 
(which one expects to be reliable for high partial waves). Since there are only 


eight types of data and six complex amplitudes, it seems likely that the data 
are as yet incapable of supporting so much freedom. 

In my analysis, Blankleider's muleplsetons® © are used (a) to fix high 
partial waves with L?3 in both initial and final states (and also the smal). 
amplitude for 3p +L=2), (b) to constrain loosely phases of most low partial 


1 
waves (the exception being *p 71-0, where cancellations are expected to lead to 


large uncertainty in the theoretical phase). The motivation for this latter 
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constraint is Watson's theorem, which says that if NN,md and NNn are weakly 
coupled, partial wave amplitudes are given by 
fe Uo) s . 
a(NN+nd) = |ale’" = |alexp iGO pags 
where 6 are phase shifts for NN and md elastic scattering respectively. This 
result is independent of the detailed internal dynamics of the NN and nd 


channels; in practice, 46 is poorly known experimentally, and the coupling 


1d 
between md and mNN channels is sufficiently strong that $¢ has to be taken from 


? 5 j ; Cateye ; 
theory. The phase constraints are applied by including in the x minimisation 


contributions of the form 


¢ 


- 2 
a =J Poxpt theory 


oo 


where 6 are arbitrarily set to values of 1-3 near threshold (where Watson's 
theorem is accurately true) and 7-10° near 580 MeV. 
The conclusions are: 

(i) the phase constraints have little effect on ee i.e. the data are 
compatible with them; they act so as to eliminate solutions with phases 
wildly different to theory; 

(ii) all amplitudes up to 7 are quite well determined, except for the i 
amplitude, which, for special reasons, is poorly determined; however, it 
must be small up to 580 MeV; 

(Gaia!) aN ee and a, amplitudes agree well with predictions of both 
Blankleider and Neelanen” @iecn ]2)- 

(iv) aE and Pp >L=0 amplitudes show qualitative similarity to predictions, 
but both are larger than theory (Figs. 1 and 3). 

An important conclusion is that the phase of the ie amplitude agrees 
closely with theory. The relative phase of a and 3 (the largest two 


amplitudes at 580 MeV) is determined by the fe Po Tae is because P is 
given by the imaginary part of the interference between a particular bilinear 
combination of amplitudes, and Ag, is given by the real part of exactly the 
same combination. The extensive and accurate data on these parameters of the 
Geneva eta and Hoftiezer et Sle fix phases of oe and *P, relative to'D, 
very well. Since the phase of the ve amplitude agrees closely with theory, 
there is no call for coupling to a dibaryon resonance in this wave up to 580 
MeV. The observed phase variation of the Ei amplitude originates purely 
from the N interaction, through the A(P 4) resonance between the pion in the 
final state and both nucleons in the deuteron. 

It is desirable to remove the theoretical props (i.e. phase constraints) on 


which these results are based. The crucial measurements needed are: 


(a) iTj]) the vector polarisation of the deuteron, which fixes the "30 ene 
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(b) o(SO|iT,,), the same quantity measured with a proton beam polarised in the 


: F : : ; F 3 
transverse direction S in the plane of scattering; this determines the small F 


amplitude and the small 


3p i=? amplitude. 


2 
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4. NN?NNt 
There are extensive new data from TRIUMF and LAMPF on the spin dependence of 


pp-np and pp>ppt. These data are important for their information on 
ee (eal 
(a) possible dibaryon aovonancegs : in D, at a nucleon lab energy of 570 MeV 


and in Ta at V800 MeV, (b) inelasticities, many of which are poorly determined 


by elastic data. 1 shall concentrate on the BASQUE (TRIUMF) data because 

they are sufficiently complete that, with a little help from theory, they give 
a complete picture of the partial waves contributing. The theory on which I 
lean is that of Silbar, Kloet, Dubach and Cae based on NN-NA and NN>NN' 
via 7 exchange; here N' refers to the TN Pui wave and A to the P.3 resonance. 


The theory includes rescattering via Fadeev equations, and therefore includes 


both 2 and 3-body unitarity. 


400 X® DISTRIBUTION OF RECONSTRUCTED 


The BASQUE data are measurements at 
EVENTS 


425, 465 and 510 MeV of Ano? Aon Aun? 


POLARIZED PROTON TARGET 
(ALL SPINS) 


7 + 
Aly Ags and Agr in pp-nptmt. The 


experiment used a polarised beam of 


PAO EG TEFLON TARGET 
(NORMALIZED AT HIGH X*) 


2D 5x We and a polarised target, and 


detected all three particles in the 


NO OF RECONSTRUCTED EVENTS 


final state a Including a time of 


flight measurement on the neutron, this 


2 
J x (2C Eig) 
resulted in a 2C fit; the background of FIGURE 4 


The oy wat sees pues f pp-np7 
carbon events and other inelastic Cr ES PE OE On Or aa P pw 


piaupels waceypicaliy 157 wandl could events from the BASQUE experiment at 


be subtracted cleanly by extrapolation MG SaMeViy “They ful T block is segecu 


under the kinematic peak (Fig. 4). ehoWer es hon. Becket ound 

It 1s a tortuous process to relate 
partial waves to a five dimensional display of the data. Therefore, conclusions 
will be presented first, and will be justified by reference to the data; the 
computer carries out a five dimensional fit. 

The process will be displayed graphically and discussed as pp>nX, where 
X may stand for A=P 34 or 2-8) in the mN system. The theory includes 
interfering amplitudes from pp>pX. The kinematic variables will be as follows. 
The neutron has polar angle 8 and azimuthal angle a around the incident beam in 
the overall centre of mass; in the X rest frame, X decays to a pion with polar 
angle 6 and azimuthal angle $ with respect to the neutron direction. The fifth 
kinematic variable is M, the rest mass of X. The experimental configuration is 
such that a=o and is symmetrical about zero. Hence the a dependence has been 
removed from the data by averaging over a and using the fact that Ayo: A and 


ON 
Agr are proportional to cosa, while Aun? AL and Aga depend on cos a; in the 
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latter case, perturbations to Aun from A,,sin*a are removed by calculation, and 


SS 
vice versa for Aga: In principle, for =0 there are terms ANI? Ang? Aon Ago 
and Aog (conserving parity and time-reversal) present in the data, but all are 
proportional to sina, and disappear when the data are summed over a. 

Because of the coils of the polarised target, coverage of phase space is 
incomplete. Coverage of 8 is complete but biased towards 180° both because of 
the geometry for detecting forward p and r and because of the energy dependence 
of neutron detection efficiency. Acceptance in $ is biased towards the 
horizontal plane because of p and ™ geometry, but does cover 90° and 270° for 
some values of the other variables. Acceptance in M is reasonably uniform, and 
the peak in Fig. 5 is due to the A(1230) resonance. Acceptance in 6 is 
incomplete, being restricted to two 


regions (a) 0 to 60° (both p and r 
forward) and (b)105-150° (1m sideways). 


Despite these non-uniformities, enough 


lear) 


| 
Asymmetries, hence spin-dependent 2 | HA 


1 
observables, are independent of 1050 1070 1030 1110 1130 1150 1170 1180 
INVARIANT DELTA MASS (MEV) 


of phase space is sampled to allow 


isolation of partial wave amplitudes. 


OF RECONSTAUCTED EVENTS 


——— 


constant geometrical non-uniformities. 


In the comparison with experiment 5910 HEY ANN DATA (ALL SPINS & NARAIAY ANGLES) 
> 


partial waves for oe and higher waves FIGURE 5 

are taken unadulterated from the Projection of BASQUE data on M, the 
calculations of Silbar et al. For mass of the pr pair, at an incident 
lower waves, the phase is adjusted by energy of 510 MeV. 

ony eee - Sunonn (theory) }, to 


correct for inadequacies in the initial 


state interaction (p, w, » and n exchange). This is important for Axo: Aon and 


Agr which are strongly phase dependent. This model is the origin of the dashed 


curves compared with the data on the figures which follow. Discrepancies 


between theory and the data are then to be accomodated by varying the 


i 3 


magnitudes of amplitudes from initial NN So: Po» Py and pe, states as 


adjustable parameters. The magnitude of the dominant *D,>NACL=0) amplitude 
would in principle be taken from the well known integrated cross section for 
pp-npt ; in practice, no adjustment is necessary. The phase of this amplitude 
is treated as a variable, in order to allow for the possibility of a dibaryon 
resonance in this wave. At the time of writing, the computer programme does 
not include pp?NZ, and therefore conclusions must be regarded as tentative. 

The data demonstrate clearly that the 'D, amplitude really is dominant. If 
this were the only amplitude present, it is easy to show that 
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Ay =A =A rail 
N SS LL ; : 
This is true for any singlet state. Fig. 6 shows projections of the data at 510 


Al n 
MeV against cosg, and the transverse momentum of the neutron, Poet eee: The 
data are consistent with Ayn Ass 79:7 and A; =-0.5. Results at 425 and 465 MeV 
are very similar. The discrepancy between theory and experiment may be taken 


: : 3 3 é 
up by increasing P, and P, amplitudes. 
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FIGURE 6 


Projection of BASQUE Aww? AUT and Age data against 


(a) neutron transverse momentum, (b) cos6@ and (c)¢ at 
465 MeV. The dashed curves are predictions of the model 
of Silbar et al. after adjustment of phases to experimental 


NN values. 


ae 
Fig. 7 shows the dependence on M, the mass of the pt pair. There is a 


tendency for all parameters to go more positive at low values of M; Alt shows 


this effect more strongly than Aun and Aga: This result is not predicted by 


Silbar et al. However, it may be understood very simply, and was indeed 


anticipated. Near threshold, the 7N S31 wave (Z) is stronger than the mN P 


3s} 
+ 
wave. Hence, for low M one expects a strong P, NN-nZ K amplitude. For 3p 


1 1 


alone, Att, Ayn Agg70: There is no interference in Aww? Age and ALL between 
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1 5 ito ae 
Py and D, amplitudes (because of initial state Clebsch-Gordan coefficients). 


The observed M dependence of Aun? ALL and Ags is consistent with De dominance 
near the A resonance and an increasing proportion of *p nz near threshold. 
This parallels closely the energy dependence of the 3p and a amplitudes in 


NN>Dr. 
: 3 ; ; F 
The data of Fig. 6 also demonstrate that the Po amplitude is weak. For this 


wave alone, A =cl, Ayn7Agg7*!- Again there is no interference with ae In 


his phase shift analysis, Arndt has a Po inelasticity nearly as large as in 
. This must come entirely from NN, since Pe is forbidden by conservation 


of angular momentum and parity in NN*Dr. Arndt's inelasticity would require 


Ayn*Ags “Api tO >> in contradiction to the data. Fits indicate that the a 


inelasticity cannot be more than 20% of Arndt's value, and the optimum is zero. 


The polarisation parameters Ano and A y are displayed in Fgs. 8 and 9. ‘hey 


are large and approximately equal and Racpiee Again, this result may be 
understood very simply. For interference between any two states of the same 
parity, Ano” Aon? while for interference between states of the anposiie parity 
Ayo™ “Aon: The data clearly demand dominant interference between D, and P or 
F waves. Calculation reveals that the polarisation arises largely from 


; : : ; 3 
interference of Diy with "2, and >, (with possible small contributions from ~P). 
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The sign of the polarisation is correctly 


predicted by the model of Silbar et al, 
but theory is too small. The ¢ depend- 
ence (Fig. 10) can also be seen in the 
theory, but is sensitive to small 
variations of parameters. The polarisa- 
tion data provide a second argument 


against a large 3p amplitude, which 


0 
would seriously upset the observed 


relation Ayo* Ao and would introduce 


a large ce Aaa which is not 
observed in the data. 

The most important result, shown on 
ieee, Mel, abe) yeiaeiie Agr is everywhere 
compatible with zero or may be slightly 
positive. This is very different from 
Cathe modeler Sillbar en aly and 


(b)A,, in ppedt (Fig. 12). In both 
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Projection of BASQUE Ag data against (a) neutron Transverse 
momentum, (b) cos8, (c) and (d) M. The S subscript refers to 


the beam and L to target polarisation. Dashed curves as in Fig. 6. 
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1 estab) 
ANG = “CAD Im{a( D,)a ( F,)}¥(B,6, $) 


(1) 


Wea ase Re{a("D,)a (7F,) (8,8, 4) 


SL LS 


with the same Y(8,98,¢) in both expressions. It is immediately apparent that 
both Ano and Agr are sensitive to the relative phase of the amplitudes. If 
amplitudes for NN+NA are written 
= i 2) 
a = |alexp iO + Swan? 


they are sensitive to 6 and hence any dibaryon resonance. If the NN>-NA 


interaction is weak, ene the phase of NA elastic scattering, by Watson's 
theorem. If the coupling is strong, oN, 0.7 

is no longer the phase of elastic . 515 MeV 

scattering, but has a complicated relation eit ; 

to the K matrix. ak ao 


Numerical experiments show that fits to 


the data demand either (a) a negligible 


*P, amplitude, which seems very unlikely, = 


5) fo) 
or (b) Onne S,) elose to 45 at all 


cose. 
three energies, 425, 465 and 510 MeV. The z 


: : FIGURE 12 
latter result is a direct consequence of 


Ee 
d d ie 
the fact that P and A show no energy Aer, Soe OP ee ee 


SL é ke 5 

ans j : ; Aprile-Giboni, ref. 38. 
Vartatvon. Pinal) arwehmetne P ; 

awaits introduction into the computer 


programme of the amplitude for NN-NZ, 


3° 


It is not surprising that one finds an attractive phase shift for the NA 


where Z=mN(S 


interaction. The data suggest that this takes the form of an attractive 


scattering length, giving constant SNA like the NN ach interaction near thresh- 
old. The vital question is whether a resonance develops near 570 MeV. This 
question could be answered by measurements of Ano and Agr at 580 and 650 MeV, 
over the position of the supposed resonance, which would lead to dramatic 


ee - ; F fe) ‘ 1 
variations in Ayo and Agr a Sy moves ete through 90°. Even if both dD, 
and Fy resonate, the presence of strong Py amplitudes guarantees that one 

: 1 
could isolate a D, resonance from the Y(8,8,$) dependence. 

A fundamental question is whether one can correctly use a value of SA 

independent of A mass. If the NN*+NA coupling is weak, equn (2) takes the form 
a= ee ee exp i(6 ap We) 
Me My =e Ch) NN NAY? 


0 
where the propagator is that of the mN*A interaction. In this case, it is 


appropriate to take 54, as constant, since IT simply reflects the lifetime of the 
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A final interesting result 
is shown on Figs. 13 and 14. 
In the former, there is a clear peak due to the threshold NN final state 
interaction. By itself, this is hardly surprising. In Fig. 14, Ann? Ano and 
Aon are plotted against NN mass. The lowest bin is chosen to bracket the peak. 
One sees a slow variation of ANN with NN mass; this is a reflection of the 
variation with M on Fig. 7. What is interesting is that there is no significant 
change in ANN between the lowest bin and its neighbour, but a large change in 
A. and Aon: This implies that the NN final state interaction occurs dominantly 


NO 


in the NN>-NA 1 wave. The drop in Ay and Ay is readily understood, since 


Ayoeim(a('p,)a CP, )}/{aCp,) |° ee a Ja(',) |is enhanced in the NN 
peak. This implies that the dominant Dy nA amplitude originates from a 
cooperative three-body interaction arising via attractive final-state interaction 
between all three pairs nm and De rm and n and n and Dis 

In my opinion, we shall soon know NN inelasticities up to 515 MeV better from 


direct analysis of NN inelastic interactions than from NN elastic phase shift 
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analysis. It is already clear that (i) the sum of NNnw and Dn inelasticities in 
Py *p, and *p, agree remarkably closely with my elastic phase shift analysis, 
Gi)?P, inelasticity is slightly larger than in either my phase shift analysis 
or Nendo. amel (ins) Py ime lasticity 1s close fo Zeno, 

There are several experiments at LAMPF which have produced data on the spin 
dependence of NN>NNr. Hancock et ae have measured cross sections and Axo at 


: ~ 
selected angles for exclusive kinematics in pp*npm at 800 MeV. Results 
disagree with theory. From the same experiment, preliminary (unpublished) 
‘ : 0 ; : P 
data have been derived for A in pp*ppt , and this time are in spectacularly 


NO 
good agreement with Dubach, Kloet and Silbar. At this conference, Bonner et 


: % ; 4 
Plas present results on Ano? Pyn and Pz Bhatia eceal 2 have a 


NN 


5 2 at aes Z A 
PrepriMte on A in pp>npt . Because of the limited geometry in which all 


NN 
these data have been taken, it is difficult to interpret them without a complete 


‘ ; é S10) se , ; 
model of the inelastic process. Silbar discusses them in a recent preprint. 


5. WHAT EXPERIMENTS ARE NEEDED? 

A few well chosen experiments could now complete our understanding of NN 
elastic and inelastic scattering up to 800 MeV. In summary, the measuremnts 
required are: 

G5) A, (np7np? at 25 and 50 MeV, to determine ey 
(Gab) A A D eKyy (and possibly RK.) for np elastic scattering at 650 and 


Lik? “SS? 
800 MeV, to determine I=0 phase shifts, 
(Geli) ae and o(s0|iT, ,) in pp?dmt from 450 to 800 MeV to determine the small 
1 3 : 
So: Fy and Bh ee ee 
(iv) Avg and ee in pp*npmt at 580, 650, 725 and 800 MeV to determine the 
phases of possibly resonant amplitudes in 1, and hes 
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ANALYSIS OF EXPERIMENTAL INFORMATION ON THE DIBARYON RESONANCE 
PROBLEM 
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Switzerland 


INTRODUCTION 

This survey is concerned with the situation regarding dibaryons, 
Pio escabes With baryon mlmaer B= 2 and with Stranceness Si = =2, 
-1 or O. All these states (and a few more) are possible in the six 
quark system. Some of them have exotic quantum numbers. In fact, 
since the quarks carry color it would be natural in the framework 
of QCD and its approximate bag model representation to have states 
containing hidden color subclusters. Those states might have color 
8-8, 3-3 or 6-6 configurations, representations which exist only 
for systems containing more than three quarks. Whereas the possi- 
bility of such states is a rigorous consequence of the color group 
symmetry properties any predictions for their mass spectrum depend 
on model assumptions!. In particular one usually assumes that the 
colored clusters are kept apart simply by an angular momentum bar- 
rier. The correspondence of (extended) bag model states to phenom- 
ena in physical scattering channels is not straightforward either, 
dis WO wits Glee Iw he yralonApbenisatini, seins) CeliptpaLinnkins SU iste Tie sel 
multiquark bag. In fact, primitive bag model states? need not cor- 
respond to resonances at all. A connection to scattering observ- 
ables is offered by the P-matrix formalism?. The corresponding 
Quantum mechanical matching problem is technically very involved 
especially for quarks in higher bag model orbitals. Generally, the 
Many States predicted in such models are expected to be very broad 
and overlapping. Yet there exists the possibility of moderately 
narrow states (If ¥ 100 MeV) and perhaps of some really narrow ones 
(T < 10 MeV) with or without exotic quantum numbers. The present 
analysis attempts to assess the evidence for dibaryon resonances 


beyond those driven by conventional NA dynamics or conventional one 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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boson exchange which is based on color neutral objects. Whether one 
uses the more modern language of QCD at this level is more a ques- 
tion of semantics than of principle (due to our poor understanding 
of the confining mechanism). Even if these resonances are found, it 
will be a difficult second step to establish their relation to the 
more exotic possibilities of QCD (colored substructures in multi- 
quark bags). In the absence of clear-cut predictions for multi- 
quark systems the analysis necessarily proceeds by comparing the 
experimental information in all the 8 = 2 channels, particularly 


the available spin cbservables, to the best available caleulations- 


This procedure is delicate and risky but unavoidable. 


CHANNELS WITH STRANGENESS 
In the bag model the strange dibaryon H with configuration 
Cc 


uuddss, having charge and isospin Q = I. = O,strangeness S = -2 and 


gP=0+ was estimated? at a mass mee ( 2.15) <i stable against 


strong decay. In the experiment by Carroll Rae no signal in 

ppl = K*K* my has been seen, within statistics. The upper limit for 
Ee OHOdUCtLON Crosssseetlom ws of <P 30 toe ia0 ni (ror 2a< inj, + 2s 
GeV). This is not very restrictive for a two-step production mechan- 
ism. As suggested in ref.> it might be worthwhile to look for the 
DROCUEtION OF Cne i Papcwe Ne om 3He which is the smallest nucleus, 
having a pp subsystem. The cross-section for K- 3He + K* nH is 
estimaved Lo be Waar 2° GeV/7e anerdenk mMemenmcum. 

Still in the S = -2 channel a charged dibaryon H with I = 1 was 
searched for in the reaction Kd + K*H™ at 1.4 GeV/c by the Rome- 
Saclay-Vanderbilt collaboration®. No narrow Signal was seen with a 
limit to the cross-section of some nanobarns, 

In the S= -1 channel the same collaboration and several earlier 
experiments have studied the (Ap) mass spectrum in Kd > m (Ap). 

A narrow peak Tr = 5,941.6 Mey at MAp = 2129.0+0.4 MeV has been ob- 
served’. This peak sits right on top of the 2*n threshold (not Doe 
The coincidence with a threshold speaks rather in favor of a cusp 
interpretation due to the open channel. However, threshold effects 
might also hide an underlying resonance’ which could be broad and 
shifted in energy. It should be clear from these remarks that the 


study of the strange channels has only just started. The single 
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strange valence quark of the kaon should be particularly helpful 


for the analysis. 


THE NUCLEON-NUCLEON CHANNEL 

Much effort in recent years has been devoted to the NN channel 
With S = @. It is clear that the study had to concentrate on rather 
subtle effects involving spin observables since the gross structure 
of total and differential cross-sections is smooth. The only 
nuclear bound state is the deuteron (its spin zero counterpart is 
nearly bound only). Because of its size, however, the deuteron is 
well described by two nucleons held together by conventional color 
Singlet forces, with the possible exception of small 6q bag-state 
admixtures®, 

In the NN channel the situation with respect to polarization 
observables (total cross-sections in pure spin states, angular 
dependence of spin correlations) has progressed only slightly, 
comp. ref.° and 1%, This means, e.g., that some minor But dis- 
turbing inconsistencies between different cross-section experiments 
packer LT =ohy=ot th] -and AGy f[=0,-o3] are still present. Figure 1 
shows the situation. The most annoying feature until recently was 
the need for matching different experiments at masses V 2,1 GeV 
(limit of TRIUMF and SIN energies). This mass range, however, is 
exactly where the spin triplet projector Ao;-Ao_ shows possible 
structure, usually assigned toa 3F, (A522), See ites 25 Winall icine 
Saturne meeting19 the situation was ambiguous. With the first 
preliminary data’! for Ao, (Aoy was available before |’) the 
difference can now be formed over the critical energy range 
(crosses in Fig. 2 at energies marked by dashed arrows). The 
triplet structure around 2.2 GeV seems to be confirmed, the final 
analysis must be awaited, however. 

The status of the remaining two Argonne candidates in the I = 1 
Channel 15 as tollows. The [05 (2.14) is clearly seen, right on 
top of the NA threshold and therefore most likely a measure af the 
degree to which we are able to calculate the threshold effect. 
There is at present no established need for an extra resonance on 
tap ©r near the NA threshold. The case for a Gy (ZA545)) sitchin ale 


scattering alone is presently somewhat weakened 14 by the reduced 
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20 2.2 2.4 2.6 
FIGURE 1 FIGURE 2 

The total cross sections Aoy jietripLer projector Ao7 hoy 
and Ao, for pp scattering from from10. Data combinations marked 
ref.10. Five preliminary values as follows: (o)ref.12 anly, 
(x)11 for Ao, are added (at (elret.12 with 13, (Ajeet. 
energies marked by dashed ar- with 15, (Ajref.14 with 15, 
rows). Data symbols match re- (viref.14 with 17, and Odref. 71 
ferences as follows: (e)12, with 17 [energies for prelimi- 
(0)13, ()14, (A)15, (16 and nary Aoy values!1 marked by 
Copalces dashed arrows]. 


peaking of the new data!’ for Aoy in this energy range, see Fig.1. 
This disregards possible superposition effects and evidence from 
other channels (see the discussion of the vector polarization in 
md elastic scattering further below). Recently, in ref.'7 a 
singlet structure has been attributed to the peaking of An, (90°) 
at somewhat lower energy, Tp ~ 750 MeV or vs ~% 2.2 GeV. However, 
whilst the singlet cross-section is indeed proportional to 1-A,, 
the triplet orese-section is proportional te 1+A,, and any struc 
tures are inextricably correlated. The behaviour of the small 
singlet amplitude in the presence of the dominant triplet contri- 
bution around 750 MeV requires therefore further study. 

The status of possible IT = 0 rxesonances!9 in the NN channel de- 


pends crucially on the interpretation of the I = 1 pp data, since 
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the pn amplitudes are obtained from pd scattering by a subtrac- 
tion procedure. (No data with polarized neutron beams in the re- 
levaht Sneney range exist.) The analysis of existing data is 


Sully proceeding but mo final conclusions are presently possible. 


PIONIC CHANNELS 

We start with elastic md scattering as there are new polariz- 
ation data (partly preliminary). We recall that the theoretical 
analysis is particularly stable and reliable in the forward hemi- 
sphere (@ < 80°) where the elastic reaction is peripheral and 
involves moderate momentum transfer. Even so, since we are dis- 
cussing sensitive observables, only the best available calcu- 
lations should be used. The backward hemisphere is more difficult 
to interpret, the cross-section is down by two to three orders of 
magnitude and is sensitive to small effects. A similar degree of 
Caution is needed in the interpretation of all pion production and 
absorption processes where the momentum transfer is large at all 
angles. 

New data for the vector polarization 1744 in td-md for 
(-0 i, = 325 MeV have been cOnuribUted “co, ules: conference, 
Smith et al.'9. The data show improved statistics and a finer 
angular mesh, see the figure in ref.18. The dominant feature for 
energies T, > 250 MeV is the steep rise of the data between 70° 
and 90° in contrast to Faddeev predictions'49 which are maximal 
where experiment is small, comp.2%. In the analysis of ref.20 this 
rise is attributed to the admixture of a 16,(2.48) resonance and 
the energy dependence was found to be consistent with a Breit- 
Wigner form. The situation is illustrated at 294 MeV in Fig. 3. 
The details of resonance parameters will have to be refitted 
because the experimental normalization has changed and because 
the negative data point at 1309, ie 256 MeV has been replaced 
by a series of positive values (all other measurements have been 
confirmed within statistics). Note that upper couplings of reson- 
anee, L, = J#1, generally lead to oscillations in 1744 and hence 
are an indication for the presence of a resonance if the energy 
dependence is right. The converse, however, 46 not true. Full 


strength Argonne type resonances with lower coupling produce very 
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Ijttle structure in i]44, as has been shown already in the explana 
tomVce let a taoin at ref.21, For the quantitative analysis it will 
be important to have the detailed behaviour at smaller angles. 
Measurements are presently being done at SIN. The discussion so 
far is based om the analysis oF the cross-section (well under— 
stood for 6 < 80°) and the Vector polarizarion. In one fobWard 
hemisphere no other observables are available. It would of course 
be highly desirable to have a complete set of seven observables 


which would allow direct amplitude reconstruction. This would 


serve as a test of our understanding of the underlying dynamics. 


Any further information at present comes from the backward 


hemisphere where differential cross-sections and some tensor polar- 
ization data are available. The cross-section is well measured for 
Tq *% 300 MeV and well described by coupled channel calculations 
except for the upper energies where theory is too high !3+22 even 

if the effects of genuine pion absorption are included. Yet it 
seems dangerous to advocate specific resonance effects¢4 to remove 
the remaining discrepancy. At higher energies there is a recent 
high precision excitation curve at 1809 from KEK24 for 

2.2 < vs < 2.8 GeV. The curve shows two distinct structures at 
masses around 2.43 and 2.72 GeV. Assuming a smooth ad hoc back- 


ground amplitude the corresponding Breit-Wigner width is 100 and 


220 MeV, respectively. Of course, a reliable dynamical treatment 
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of the background amplitude is necessary to establish such an 
inseerpretation. This will be darricult. 

We turn to a discussion of the tensor polarization tog where we 
have a conflict of data at present. Two strong peaks have been 
reported29 ae @) % 1202 einel a WS’, Sete ita te Tee! Glemuieieukaers 
Beclr at 7, = 134 MeV and disappear rapidly within =.20\ MeV. The 
data of 26 have t20 negative (< -0.4) and smooth, similar to the 
trend of Faddeev predictions. A preliminary excitation curve 
from26 at 6 = 144°, see Fig. 5, shows no structure around 134 MeV 
(the peaking angles29 of 1209 or 150° have not been measured yet). 
Ms ine) IMeleneiaiy elayesitel Toke 4s) 140° the excitation curve from the 
group2 is also flat?@/ (although very different in magnitude), 
while it is strongly peaked@° Forse = 150°. Theoretically, the 


angular structures seen in?° are unexpected. The algebra of spin 
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Excitation curves for the tensor 

polarization t4A@5in md elastic 

Scattering. ihe Cipcles are 


from for Oom = 144°, the crosses 
are from2’ for Oom = 140°, AWE 0 40 80 120 160 
data preliminary! FIGURE 6 
The vector analyzing power 
tna yGs)) ter ae elastic 
scattering from39, Kinetic 
pion energies (lab) in MeV. 
observables+8’29 relates peaks of tog to zeros of it4, (rigorously 
Ince ons, 26 log Ls Maximal). Such a Se hevvella ws sane eecaiaia= 
served in the analysis of29 based on a limited set of data. On the 


Gtiher hand, the expecvec| Sstruetume(S) in aia, heave nen been seen 
experimentally39 in a special run matched to the energies of 


ref.45, see Fig. 6. The vector polarization in the backward hemi- 


sphere 1s smooth in angle with little energy dependence. However, 
since tog from22 is not quite maximal, the data are not in a direct 
conflict. On more general grounds one should be aware that it is 
difficult to produce the sharp peaks seen in ref,25 by the admix- 


ture of a single additional (and narrow) resonance. Such a reson- 
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ance (which could be extraneous to the pp channel, ian ae e.g.) 
would have to conspire with several big partial waves in td scat- 
Zeina a2, a) in Order to annihilate. rane ly 
two out of four complex helicity amplitudes. The confirmation of 
such a signal would be so much more challenging. Further exper- 
iments to resolve the difficulties are planned at different lab- 
oratories. The group of ref.2° is testing a new polarimeter. How- 
ever, no final answers can be expected before next spring. 

Pion production processes: Extensive calculations have been 
made for the two-body reaction pp*dn* in the framework of Faddeev- 
type multi-channel scattering equations19b,22,31-33, A similarly 
thorough calculation based on a relativistic perturbation theory 
with effective vertex fuctions and subamplitudes has been made 
recently34. A detailed comparison with an almost complete set of 
observables is possible at Tp = 570 Mev Boh Ty peSss on ca lel 
lations22,34 fare rather well on the gross features of the reac- 
tion but there is a definite discrepancy in the spin correlation 
parameters Ayy and Ax, common to both analyses. The lab sirar OM Ey 
can be traced34 to the amplitudes which couple to spin triplet 
states in the pp channel. Their calculated magnitude is too small 
(see also the phenomenological analysis of35). The energy of 
Tp 


dibaryons. The only spin observable available3® at higher en- 


578 MeV is too low to be of relevance for the higher 


ergies is the sensitive asymmetry Aygo» It is at variance with the 
available Faddeev calculations. We are looking forward to complete 
sets of data at the higher energies as well. 

At energies around Tp Vv B00 Mev Ghere are MEicGatiGns Tom idas= 
erepancies between theory and experiment from other sources. For 
the continuum pion production pp-tnp a Deck model calculation3/’ 
predicts too small inelasticities for pp triplet waves. Similarly 
in the analysis of38 the inelasticities for 3F3, 3F5, JP5, 3p, 
are systematically low. Some features of the Saclay datal/ might 
in fact be related to a similar problem, as we have discussed in 


the NN section. 


ELECTRO-MAGNETIC CHANNELS 


The best studied reaction is the deuteron disintegration 
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channel. Historically, the observation39 of a large recoil proton 
ee ise eastie wel I? hin) lel == Bn an Ey © S50 MeV, contrary ce erineews 
etical expectations, was the first evidence for the possible 
existence of a resonance. The original explanation49 of the data 
called! tam a conerabUciom from the sual l= 45 Ah = Bree /2u 259 


. 
(or 1*) resonance with 


Suews Wi) Comes aeliel Wael ele LU = Wy oi 
mass ~ 2.36 GeV. More data on P are now available*1,42, They are 
compatible with the above interpretation as long as P is con- 
Sidered in isolation. However, Wath Mere daca on Tuecher 

(spin) observables no consistent picture emerges. In particular 
the recent measurements43 of the differential cross-section with 


tagged photons do not agree with any of the calculations aie Cee 


angles below 30°. For the asymmetry Y from linearly polarized 


photon beams the situation is even worse. New data** for 


80 < Ey < 600 MeV combined with the existing ones disagree with 
calculations4!.45 at all energies, see Fig. 7. The measurements 
of the target asymmetry T presented similar difficulties of inter- 
pretation already at the time of the review*®, In pare letter bine 
Bonn and the Tokyo analysis differ substantially in their non- 
resonant predictions. The asymmetry 7T is generally of small magni- 
tude45,47, but there is considerable angular structure4§ at 
EY = S90 Mev, e-e. Lt as clean that) the resolucsonv or  cinewmiresent 
Cit TtioUleies requines a Major Thearevical eGlforu Lol Sstapa laze ene 
predictions for similar physics input. On the experimental side 
systematic measurements of spin correlation and spin transfer 
parameters are highly desirable to constrain the enormously rich 
Spigl Structure of photodisintegration. 
As far as pion photoproduction is concerned evidence for a 
resonance at 2.23 GeV stems*9 from the analysis ot ya > poms The 


isospin would have to be zero since nothing has been seen29 in 


the similar reaction d(m*+,p)mN at SIN. 


CONCLUDING REMARKS 

A careful comparison of the available experimental information 
in the B = 2 channels shows systematic differences with respect 
to. the best available dynamical calculations. This happens in 


particular also for those cases where the predictions or con- 
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PLGURIE 7 

The beam asymmetry 2 in photo- 
disintegration as a function 
of photon energy taken from44 
Poe hn = SOS eval WSS ine 
dotted curve is a calculation 
from45, the remaining curves 
are from?! with and without 
dibaryon admixtures. 


De Oj 040 Denno 
a (Gev) 


straints from conventional dynamics are considered reliable 

CORR» PP inelasticities, mtd-td in the forward hemisphere). The 
interpretation in terms of relatively broad (IT > 100 MeV) B = 2 
resonances is consistent with the established data but further 
multichannel analysis is required both on the theoretical and on 
the experimental side. For reactions involving the deuteron, 
kinematics with low momentum transfer to the deuteron are more 
promising for an unambiguous interpretation. Furthermore certain 
Canurddictions Heed clarification (measimements of tog an) md 
elastic scattering, theory of photo-disintegration). Ultimately 
we shall need much more spin information for all the B = 2 
channels to achieve direct amplitude reconstruction in a range of 
energies. Even in the best measured channels the spin information 
is still incomplete. In many channels experiments have barely 


started (reactions with strange particles, reactions with polar- 
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ized neutron beams, channels with neutral final state pions, 
GIP VEMOSceOulVicigaolis Ela o Ic 

I am very indebted to all the experimental colleagues working 
in the field for supplying me very generously with their most 
recent, partially unpublished results. Without their friendly 
support such a review would be impossible. Helpful discussions 


Vv 
with Alfred Svare are acknowledged. 
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NUCLEON-NUCLEON SCATTERING AT MEDIUM ENERGIES 


I.R. AFNAN * 


School of Physical Sciences, The Flinders University of South Australia, 
Bedford Park, S.A. 5042, Australia. 


A model of the N-N potential, at medium energies, in the frame work of the 
BB-7TBB equations, is presented. The derivation is based on the Cloudy Bag 
Model Hamiltonian. Recent N-N calculations are reviewed in the frame work 
of the model. Theoretical methods for the analysis of dibaryon resonances 
are compared. 


1. INTRODUCTION 

The interest in N-N scattering, above the pion production threshold, has 
been considerably enhanced by the observed structure in p-p scattering, and 
the possible existence of dibaryon resonances. The fact that such resonance 
behavior might also be manifest in 1-d scattering and in particular, in the 
recent vector polarization Pencurenonte may enhance the need for a theory 
that describes the full A=2 system, i.e. NN?*NN, NNomd and td>nd. Furthermore, 
the failure of a theory based on the conventional pionic degrees of freedom 
(UNcraN JAG Okt.) tO; ceproduce: the observed structure, may be iconsadered fais 
evidence for the need of quark degrees of freedom to describe N-N and m-d 
scattering. 

The present talk will be divided into three parts: (1) I will present a 
theory for N-N scattering, based on an effective Lagrangian, that could be 
derived from a chiral bag rode e In this way, I will maintain consistency 
with QCD without increasing the degrees of freedom of the problem. To maintain 
contact with established N-N phenomenology, I will demonstrate how the present 
theory includes most of the features of the standard N-N potentials”’®. (Ge) 
In an attempt to review the work done on N-N scattering above the pion pro- 
duction threshold since the last conference, I will describe what features 
of the present theory have been included in existing calculations. In this way, 
I will illustrate the similarities and differences of the recent calculations. 
(iii) I will summarize some of the methods used to find the resonance poles in 


the complex energy plane. 


+ Work supported by the Australian Research Grants Scheme. 
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2. THEORY 
The effective Lagrangian used, is basically similar to that used in the 
éloudy bag model (CBM)", in that 


aay ae 0 (1) 
(o) I 


where Lo includes the kinetic energy of the pion and the bare baryons (B=N,A, 

..). The latter can be considered as three quarks in the bag. At this stage, 
the A has no width for decay to m1-N. Here, Ly is the interaction Lagrangian 
for the baryons and the pion, and can be non-linear in the pion field. The 
WEREWEDS ai Ly have form factors associated with them. These are determined 
from the internal structure of the baryon, i.e. the quark wave function in the 
bag. The BB form factor will get some further dressing from the scattering of 
the pion from the baryon. This further dressing has to be consistent with the 
measured rms radii and electromagnetic form factor of the neutron and proton. 

In principle, one could extend this Lagrangian to include the coupling of 
the baryon, or bag, to other mesons. But for the present analysis, I will 
restrict the meson to the 7 and the baryon to the N and A. 

To derive the equation for the N-N amplitude, I have used the methods 
previously used to derive the NN-1NN oer. This involves the classi- 
fication of the diagrams in perturbation theory, that contributes to the ampli- 
tude according to their irreducibility, using the Jact-cur-lewia 2 The 
advantage of this method is that the detail form of the Lagrangian need not be 
specified. The final equations for N-N scattering, are a set of coupled Bethe- 
Salpeter type equations for the channels N-N, N-A and A-A, where the A is the 
physical A. In operator form, the equation is given by, 


Cy 2 ald) (Ya q® 
i eat ies | (2) 


where 7) is the sum of all connected diagrams that are i-particle irre- 
ducible. The propagator Gy is a diagonal matrix of dressed propagators, i.e. 
<a|G, [a> = da di a,b=N,A where d. the dressed propagator for baryon a, is 
given by aaah wae aes 1 = n(2), eRe, ao) is the undressed propagator that 
arises from Lo» while 202)" is the Peta that results from the coupling of 
the bag to the pion. ae contribution to ls in the case of the CBM, is 


given by, 


pC) . (3) g glS)t , 63) , gl) , gl(S)4 (3) 


+ 
> 


op) aes 
where rae ) is the BB form factor, as given by the CBM, g is the 2x2 7-B 
propagator with <a|g|a>=d_d_ (a=N,A). Here, 7 ee is the non-pole part of the 
m-B amplitude as would arise from the crossed diagram in ates I Woke (A, syalela 


propagator dy» is the physical A and has a width for decay into T-N. 
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In Eq. (2), T(3) plays the role of the N-N, 
N-A and A-A potentials and includes all dia- 


grams that are three particle irreducible. A ae Bia 
: : F F = Ze 
detailed examination of the diagrams that Se 
5 (3) 3 a 
Contin bULE to T » using the last-cut lemma, on 


gives an expression for pene in terms) Of 

the more basic parameters in our effective 

Lagrangian. For the case where the inter- FIGURE 1 
action Lagrangian is linear in the pion field 


(e.'2., CBM), 763) is given by 


2 : 3 
ey sane? Ga bia cele hc59 


iat ay i al 
Pe ee a ee 
zy as By Gay Gy Mig Sy Se Pa tile (4) 
where G, is the 7BB propagator, 65 571-835> and me is the disconnected part of 


the 1BB>BB amplitude, i.e. it is related to the 7BB dressed vertex e (7) by the 
relation 


1 


Py = ven gc Pon ge (5) 


Here, the 7TBB dressed form factor is given by: 


hoes ayy mae ae me G8) (6) 


(3) 
ime (4), Mig 
can be taken as the Faddeev amplitude for the 7BB system, as was the case in 


the NN-1NN equations’ ~”, In lowest order, mi is the 71-B or B-B amplitude. 


is the three-particle irreducible amplitude for 7BB>TBB and 


‘in that case, Eq. (4)) reduced to, 


Fi) oe 


| 
Ung 
I" 


NOR Ee acaieD) 


scree) a. AQ eG) 


+ 
la | 


: : Payee 2) ae s 
Eee a ea acsiin ) Gigtene 70 oe (7) 
ij=l 
We first observe that all 1BB vertices are dressed and thus depend on the 


energy and momentum. The first term on the r.h.s. of Eq. (7) is the one pion 


exchange potential, with the added feature that it does not require any 
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regularization as all the form factors are predetermined. In the second term 
(in) Tener deal S. Ore ep, (1). ae) is the B-B amplitude and could be approximated 
by the one pion exchange potential. In that case, for i#j, this term 1s' the 
crossed two pion exchange contribution to the N-N potential and is commonly 
represented by the diagrams in Fig. 2. On the other hand, had we replaced 167) 
by the B-B amplitude pl) we would have a bootstrap problem and the resultant 
equations would be non-linear in rl), The justification for breaking this 
bootstrap situation is the result of two observations: (a) Because of the 

(2) 


parity and iso-spin of the pion, the B-B amplitude t is required in partial 


waves other than that of peee, (b) The energy at which we need the B-B ampli- 
tude oe in the 1BB space, is at least m_ less than in pl?) , Thus, at medium 
energies, we need the B-B amplitude predominantly below the pion production 
threshold and this I can describe by a real potential such as the Paris 
potential>. Finally, by including the contribution from this term, we get a 


contribution to the N-N potential from the coupling to the 7-d channel. 


FIGURE 2 
Since we have included the A as an explicit channel, the contribution of 
the last term on the r.h.s. of Eq. (7) is due to the smaller 7-N partial waves 


and the non-pole part of the amplitudes in the P and P,.. channels. Since 
Pere) 


these amplitudes are in general small, we don't cee a large contribution 
from this term. 

Although Eq. (7) can be considered as an N-N potential for use above the 
pion production threshold, some calculations to date have used only the first 
term in conjunction with N-N potentials commonly used below the pion pro- 
duction threshold. Alternatively, I can proceed from Eq. (4) with vie given 
by the Faddeev equations for the mNN system. In that case, the equations can 
be recast into a set of coupled integral equations for all the 2+2 amplitudes 


in the A=2 system. This approach guarantees that two- and three-body unitarity 


are satisfied. 


3. RECENT RESULTS 
Since the last conference in Eugene, there have been a number of calcu- 


lations of the N-N scattering above the pion production threshold. Within the 
frame work of the theory presented above, these calculations can be divided 
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into two classes. (1) Those that satisfy two- and three-body unitarity’ *"2°, 
(2) Coupled channel calculations, in which the coupling is between the N-N and 
N-A chainels-+ "24, In the following, I will review some recent results. 

3.1. Three-body calculations 


Ales! 
All these Calculetions au 


have several features in common: (i) They all 
include the A resonance by introducing a 1-N amplitude that fits the phase 
shifts in the Pes channel. In this way, they have the correct N-A threshold 
and the A is a genuine 7-N resonance. This feature leads to N-N phase shifts 
that have the characteristic of a resonance (see Fig. 3). (ii) The TNN and TNA 
vertices have form factors that have been adjusted to fit the experimental 1T-N 


phase shifts in the P,, and Pas channels. As a result of this, there is no 


need to introduce — into the theory. However, the 1-N phase shifts don't 
uniquely determine the form factor for the TNN vertex (i.e. the off-shell 

behavior of the T-N amplitude) and the results are very sensitive to the choice 
of form factor. This is illustrated in Fig. 3, where we present the =e phase 


shifts for two different TNN form factors. 


2.2 g.4 2.6 2.8 1.2 0.2 2.4 2.6 2.8 1.28 
E( lab) Gev EC lab) GeV 
FIGURE 3 FIGURE 4 
The a0 phase shifts for two The effect of the N-N interaction in 
different mN form factors. the mN space on the SDs phase shifts. 


The early calculations” using this approach were pure three-body models in 
which the nucleons were not treated on equal footing. This problem is still 
present in the work of Araki et spt? and Kloet and Silbar’*. Araki et al. 
overcome this problem by increasing the strength of the Pay interaction. 
Unfortunately, that increases the cross section for pp*md and p-exchange is 
introduced to compensate for this abnormally large production cross section. 
On the other hand, Kloet and Silbar add a static one pion exchange with half 


the normal strength to build the one pion exchange strength. Both of these 
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calculations use the pole part of the Pa 1-N amplitude and thus do not fit 
the phase shifts. In their calculations, Kloet and Silbar have no coupling to 
the 7-d channel. As a result of this, they have no effective cross two pion 
exchange in their calculations. While Araki et al. included the coupling to 
the t-d channel and have included all three terms on the r.h.s. of Eq. (7). 

The work of Blankleider and Anan ©. Mizutani et aie and Rinat et ecu 
use the same equations’ -* and in this case the nucleons are treated on equal 
footing, since the equations were derived from field ney AMT threenoc 
these calculations restrict the baryon to the nucleon and the A-resonance is 
included through the third term in Eq. (7). Furthermore, they solve the full 
set of NN-7NN equations. Although the first term on the r.h.s. of Eq. (7) is 
included in all cases, the parametrization of eZ) is different an “the three 
calculations. This explains part of the difference in their predictions for 
the pp>md total cross section and N-N phase shifts (see Fig. 3). Better 
agreement could be achieved if the constraint imposed by the CBM, the nucleon 
rms radius and the electromagnetic form factor of the nucleon, on the NN 
form factor, could be implemented. 

For the second term on the r.h.s. of Eq. (7), all three groups have included 

Shale) 


the Sy- D, amplitude in terms of a separable potential. In this way, the 


coupling to the m-d channel is established. In addition, Rinat et al. include 
the eo for the T=0 channels, while Blankleider and Afnan included the S-,P- 
and D-waves and thus the crossed two pion exchange. In Fig. 4, I illustrate 
the contribution of the N-N partial waves other than the deuteron, in the 1NN 
Hilbert space, to) the aoF phase shifts. This shows the importance of the 
second term in Eq. (7). Rinat et al. have compensated for this term by in- 
cluding heavy meson (9,w) exchange. Finally, all three calculations include 
s- and p-wave 1-N interaction through the third term in Eq. (7). 

The most complete calculation to date using these equations (>. is the work 
of Rinat et al., who have examined all three reactions in the A=2 SySiceula lim 
addition to one pion exchange, they have included p- and W-exchange. Their fit 
to the data is impressive, considering the few free parameters that go into the 
calculations and the fact that the same equations with the same input give good 
agreement with experiment for m-d elastic scattering and pp>md. In PUTS 5) 
present their fit to the P and si channels which gives the best agreement. 
The largest discrepancy is in the oa channel, which is the most difficult 
to reproduce by any of the theories. Here I should point out that p-exchange 
is taking the role of the crossed two pion exchange. 


3.2. Coupled channels calculations. 


These calculations are basically an extrapolation of the static N-N 
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§C deg D 
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08 2 2.4 0.6 2.8 2.2 2.2 g.4 2.6 2.8 
EC lab) GeV EC lab) GeV 


FIGURE 5 


74 2 
The . and ax phase shifts from the calculations of Rinat et al. 


potentials to medium energies. Since the pion production cross section is 
dominated by NN*NA>NNT, the N-N equations used at low energies are replaced by 
Eq. (2), in which the A has acquired a m1-N decay width. In this way, the main 
mechanism for inelasticity in N-N scattering has been included. The coupling 
potential in these calculations is basically the first term in Eq. (7) with 
the added feature that both m- and 0-exchange are included, and the form 
factors gi?) are taken as a dipole with a cut-off. 

The main difference between the calculations to date has been the choice of 
kinematics, the description of the width for the A-resonance, and the N-N 
potential extrapolated. The early work of Green and Sainio’- have used the 
Reid-® potential and the non-relativistic Schrodinger equation. Here, the 
threshold is given the correct momentum dependence and the parameters for the 
width were adjusted to fit the tp total cross section. More recently, Tjon 
and van Paassen-” have performed a similar calculation using the Bethe-Salpeter 
equation and the extrapolation of the one-boson exchange potential. In both 
of these calculations, since the A is included explicitly, the third term of 
Eq. (7) has been neglected, while the second term in Eq. (7) is replaced by 
the heavy meson (W,n,...) exchange for the N-N part of the potential only. 
This latter approximation is similar to that of Rinat et ale 

An alternative to the coupled channel calculations, is to explicitly include 
the third term in Eq. (7) into the N-N potential. In this way, the A and the 
N* can be included without increasing the number of coupled equations. This 
approach has been pursued by fees who has extended the Paris potential 


above the pion production threshold. The new feature of this calculation is 


264c LR. Afnan / Nucleon-Nucleon Scattering 


that the A and N* have their width for decay to ™N and m7mN adjusted by the 1-N 


phase shifts via a separable type potential. In this case, the first and 
second term on the r.h.s. of Eq. (7), are placed by the Paris potential, with 
a subtraction to avoid over counting. One problem with the above procedure 
for including the N*, is that the third term in Eq. (7) includes only the non- 


pole part of the P,, amplitude, which should not fit the phase shifts. Although 


this procedure ee o eter the A and N*also determines the TNN and 7NA form 
factor, the latter are not included in the calculation of the transition 
potential. 

Both of the above coupled channel calculations give a good fit to the phase 
shifts; however, the cut-off in their mNN and TNA form factor differ by almost 


Zl EIEEORe Oe TO, 


3. DIBARYON RESONANCES 

The main problem in establishing the existence of the dibaryon resonance, 
has been the unfolding of the N-A threshold from the experimental data to see 
if there is a resonance pole. Most calculations to date can be divided into 
three classes; (i) Those that fit the data with K-matrix ieee o and 
analytically continue the amplitude into the complex energy plane in search of 
a resonance pole. (ii) Models of N-N scattering described above, for which the 
on-shell amplitude is examined in terms of an Argand diagyem-:® Giz} 
Attempts at finding the pole of the amplitude, in the complex energy plane, for 


a given model @ 


Although the last approach is the most reliable, it pre- 
supposes that the model gives a correct description of the physics. 

To compare the above three methods, consider a three-body model of m-d 
scattering in the 2+ channel. The position of the resonances are then deter- 
mined by examining the eigenvalues of the Faddeev kernel. The phase shifts 
for this model are then used to test the first two methods. The results are 
present in Fig. 6 for two cases. We observe that for resonances with width 
less than the A width, all three methods predict the same result. However, 
when the A width is smaller than the resonance width, the three methods give 
different results. In particular, the K-matrix approach is sensitive to the 
choice of unitarity branch points included in the analysis. Thus, including 
the elastic and breakup through the A channel (B), using the K-matrix method 
gives a different result from that of including both breakup channels (C). 
Part of the discrepancy between B, C and F (the Faddeev result), is due to 
the fact that the K-matrix approach involves assuming a constant amplitude in 
reducing the unitarity equations from three-body to quasi two-body equations. 


A more detailed analysis of this approximation might give us a clue, to improve 
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the K-matrix approach for dibaryon analysis. 


(a) (b) 
FIGURE 6 


The position of the dibaryon pole as predicted by K-matrix (B,C), Argand (A) 
and Faddeev (F) method, for non-relativistic (a) and relativistic (b) 1-d 
scattering in the 2+ channel. 
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SYMMETRIES AND THE N-N INTERACTION 


W.T.H. van Oers 


University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2 and 
TRIUMF, Vancouver, B.C., Canada V6T 2A3 


A new generation of precision experiments to study symmetries in the N-N 
system is being undertaken at various laboratories. A short discussion of 
the background to some of these experiments is presented. 


1. PARITY 

The weak, strangeness-conserving part of the hadronic interaction should 
manifest itself through the parity-violating signature inherent to the weak in- 
teraction. Since parity is conserved in the hadronic and electromagnetic inter- 
actions any parity violation in nuclear scattering or in nuclear reactions 
indicates a weak interaction contribution. Most directly interpretable are 
studies of parity violation in nucleon-nucleon scattering since such studies are 
not subject to the complications of nuclear structure. 

1.1 Parity Violation in Proton-Proton Scattering 

Measurements of parity violation in proton-proton scattering are based on the 
relative changes in the total cross section or the integrated differential cross 
section (over a suitable angular range) if the polarization direction of the 
incident polarized beam is changed from positive to negative helicity. The 
longitudinal analyzing power (A,), can be expressed as 


il ot-o7 
Az 


, ipa otto” 
Here p, is the polarization of the incident proton beam, while the superscripts 
refer to positive and negative helicity. 

Assuming rotational and time-reversal invariance (TRI), but not parity conser- 
vation, the centre-of-mass scattering amplitude for two like particles can be 


written | 


M = © | (atv) + (a-b)(5,¢n)(Gy¢n) + (ctd)( 5) +m) (G,°m) + (c-d) (5, *2)( 5° 2) 


- 


oBtb) on + 8,8) + {mB - GDh] 


Here 2, m and n are unit vectors defined as 


Ky oie Ke K¢ = ky ky x K¢ 
ES rome meron Ag an ree aera Nara erence rere ge 
|ky + Ke | [ke ky | [ky x Ke| 


with ky and Ke the initial and final state centre-of-mass nucleon momenta. The 
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quantities a, b, c, d, e, r and s are functions of centre-of-mass energy E and 
scattering angle 9. Invoking also parity conservation the last two terms will 


drop from the equation. 


The longitudinal analyzing power can be expressed as? 


A, (8) = sar [1Re ((atbreta)*r) = Re(e™s)} cos 8/2 
o) 
+ {Im ((-atb-ctd)*s) ah Im(e*r) } sind/2 | ; 


with 6, the differential cross section for the scattering of unpolarized 


particles l 
o == (a2+ b%? + c24+ d2+e2%+r2+4+ 5%). 


i) 


From the detection of a non-vanishing analyzing power one obtains information on 
the parity non-conserving amplitues r and s, provided that the other interfering 
amplitudes (a, b, c, d, and e) are known through standard p-p phase-shift 
analyses. 

The experiments are extremely difficult and require elimination of systematic 
errors to the level of 10°’. The most important instrumental effects which need 
to be considered are: beam intensity modulations, beam position and direction 
modulations, beam emittance modulations (in particular if these modulations are 
correlated with spin flip), residual transverse polarizations, double scattering 
effects, B-decay (and hyperon decay) asymmetries, and electronic asymmetries. 


Measurements span the range from 15 MeV to 5.13 GeV (see Table 1.1). 


Table 1.1 Measurements of the parity-violating analyzing power A,. 


Ty A, ref IES Sg ref 
ptp 15 MeV =(12720.8) 0% 105% 3 =]. xn 8 
ptp 45 MeV -(2.340.8) x 1077 4 =2'73 00 8 
ptp 46 MeV =(1.342.3)) “110° % 5 =2.S oc LO 8 
ptp 800 MeV 6 
pti ,0 800 MeV (GG) & MO” 6 
ptH 50 5223 GeV (2.6540.60) x 107° 7 


The low-energy results are in good agreement with theoretical predictions for 
the longitudinal analyzing power based upon a distorted wave approach with the 
weak interaction part parametrized by p, w, 1, and 27 exchanges. 8» 9 If one 


writes the scattering amplitude as ¥ = De [FJ+eJ ], with FY and £4 the parity- 
all 

conserving and parity-violating parts for total angular momentum J, respective- 

ly, then for sufficiently low energy, where Is \-3P, mixing is dominant, the 


analyzing power can be written as? 
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Fig. 1. Energy dependence of the longitudinal analyzing power A,. The 
solid and dashed curves are predictions from Refs. 9 and 10, respectively. 
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With as and Ee monotonically increasing functions of energy, and with F 
portional to sin[ 6(!S,)] and FY, proportional to sin[ $(°P,)], the energy 
behaviour shown in Fig. 1 becomes clear. Both the a6 and 3p phase shifts 
become negative just above 200 MeV. When the energy increases the higher angular 
momentum contributions become more important, in particular J=2 and J=4 (corre- 
sponding to oe 0 and FG. mixing). These contributions have the opposite 
sign to the J=0 contribution and therefore partially cancel it below 200 MeV. 
Because of the crucial role of the short-range interaction the boson exchange 
models are less satisfactory. 

Theoretical predictions have also been obtained within the framework of a 
hybrid multi-baryon-quark shell model giving satisfactory agreement with the low- 


10 The experimental 


energy results but a change in sign only at about 800 MeV. 
value at 5.13 GeV, A, = (2.65+0.60)x107 ©, disagrees with the prediction of the 
boson exchange model by more than one order of magnitude. However, newer theo- 
retical predictions!! taking into account parity-violating effects of the quark 
constituents of the nucleons predict values of A, ~ 2x10-© at 6 GeV, but these 
same theoretical predictions extended to the lower energies overestimate the 


measured analyzing powers. 
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2. TIME REVERSAL 

Time-reversal invariance (TRI) is only known to be broken in neutral K decay. 
The resulting TRI-violating parameters are consistent with current superweak 
theories. Time-reversal invariance is an assumed symemtry which must rest on an 
experimental basis (as is the case for all symmetries). For the large number of 
hadronic tests of TRI giving a null result, the attained accuracy is in general 
not much better than one per cent. Thus, even though there exists at present 
very little theoretical support for millistrong interactions leading to TRI 
violation in parity-conserving nuclear processes, experimental tests should 
receive consideration provided they lower the upper limit of possible TRI- 
violating effects to the level of less than a few parts in Los: 

2.1 Time-Reversal Invariance Tests in the N-N System 

Most tractable in terms of determining an upper limit to a TRI-violating 
amplitude are polarization analyzing power equality tests (P-A tests) for N-N 
scattering. Assuming invariance under rotations and space reflections the n-p 
centre-of-mass scattering amplitude can be written !2 


M = 7 [ ctv) + (a-b)(G,*A) (Gen) + (ctd) (5, mh) (5, om) 


> a > x Sot ae 
+ (c-d)(G,°2)(6,°2) + e(G,40,) mn + £(6,-6,) on 
> a > A a a A a 
t{(S,°) (Gye) + (5, 9m)(5,°2) } + uf(G,°2) (Gem) - (8a (d+ } | : 
The various quantities in this expression are as defined previously with t and u 
the TRI-violating functions of centre-of-mass energy E and scattering angle 6. 


For identical particles, as is the case in p-p or n-n scattering, the Pauli 


principle requires 


For n-p scattering the quantity P-A can be written in the following form}? 


2 
Bye) v= Ay CO)E= ie me Im(d*t + c*u) 


with 0) the differential cross section for the scattering of unpolarized 


particles 
il 
9 =Car eh uD Siehvea eden air Serie ame) : 


For the depolarization parameters one obtains the relation!2 


2 
Dy 8) + DWC8) = — Re(c*e + a%u) . 
) 
The TRI-violating functions t and u can be expanded in terms of partial 
waves. As derived by Binstock, Bryan and Gersten!3 


t( 0) ae (2 $41) [4(441)]7 1/2 P61) (cos 8) exp[1(6, aoe jr) Jen (2,) ; 
iE f “ 
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with 2A; the TRI-violating mixing angle. For the case of p-p scattering the 
Pauli principle excludes spin-triplet even states and spin-singlet odd states. 


Retaining only the first term in the expansion one finds for n-p scattering 


t(8) = 132 sind exp] i {8¢ 8) + 6%) }| ain(24,) , 


and for p-p scattering 


t(8) = — 5¥6 sin® cosé exp[i {8(*P,) a ee Oars at a4] sin(2\,) , 


reo fe 


with the 5's the Coulomb phase shifts for the gth partial wave. If TRI 
violation is the result of short-range interactions such as in a one-boson-ex- 
change model as proposed by Bryan and Gersten, |" then the J=l state is much more 
important than the higher J-states which leads to the above expressions and a 
potentially greater sensitivity of the n-p system over the p-p system. In 


previous analyses !5 


of existing p-p and n-p elastic scattering data values of 
the time-irreversible phase parameters ry and ro were obtained, not inconsistent 
with zero but with large uncertainties. 

Writing the differential cross sections in terms of the polarizations perpen- 
dicular to the scattering plane, i.e. along n, one obtains for the polarization- 


analyzing power difference 


(3)-A(o)) = 2 op ee ee Se eee 
P A . 
y ay) Git ots —+ go> 


+— 


Here Oo is the differential cross section for scattering from a polarization 


direction defined as spin-up to a polarization direction with spin-down, etc. 


A nonzero result will only be obtained if the spin-flip differential cross 
sections differ (o + # ot). Similarly one can write for the depolarization 


parameter 
ott - ot + oT - ot 


D(9) = 
oft + ot + oF 


5 ROEG Wieie |) SM, 


and consequently 


P-A = (1-D)e 

4 a ot - ot 
where = SSS eee ee 

Cm. ote 


The sensitivity to measuring TRI-violation in the N-N system scales with 1-D. 
If D = 1 it follows that P-A = 0. Unfortunately previous hadronic tests of TRI 
have often been made under kinematical conditions where the depolarization 
parameter turned out to be close to unity. /& Phase-shift predictions for the 
depolarization parameter D in n-p and p-p elastic scattering at 200, 500 and 
800 MeV indicate that the p-p system is to be preferred over the n-p system 


except for the extreme backward angles. 
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An upper limit on the TRI-violating amplitude t in elastic p-p scattering at 
579 MeV and six centre-of-mass angles between 66° and 86° has been presented 
recently. !7 The analysis is based on measurements of a set of sixteen polariza- 
tion parameters allowing reconstruction of the scattering matrix in terms of the 
six amplitudes defined above. The average ratio of the upper limit on t2 gives 
t2/(a2 + pb2+ c24+ 42+ e% + t2) = 0.0059 (90% confidence limit). Analyzing 
these results in terms of the time irreversible phase parameter i, one finds 
| A.| = 0.016+0.010.!8 A P-A measurement for the n-p system at 800 MeV has been 
made by Bhatia et al.!9 at Cones look At thic@ane lem Dales enearersehan 
unity. The result obtained is P-A = 0.011+0.019 with an additional systematic 
uncertainty of +0.02. This is the most sensitive test of TRI in the nucleon- 
nucleon system that exists to date. However, the comparison is based on charge- 
symmetry breaking to be energy independent, since it assumes the analyzing power 
equality A[H(n,p)n] = A{H(n,p)n] at two different energies. Comparison of this 


13 establishes an 


datum with the model prediction of Binstock, Bryan and Gersten 
upper limit on P-A an order of magnitude lower than the model prediction. 

A new P-A measurement for the p-p system at 200 MeV is currently in progress 
at TRIUMF.29 The experiment avoids the need to make absolute determinations of 
the polarimeter analyzing power and beam polarization by measuring the p-p polar 
ization and analyzing power relative to those for p-!% elastic scattering. For- 
a spin-zero target, parity conservation requires P-A = 0. The experiment has as 
objective a determination of the ratio of measured ratios (Py/Pc¢)/(Ap/Ac) to an 
accuracy of +0.004 or less. 

The only experiment to date which provides a comparison of the depolarization 
parameters a and Te for elastic p-p scattering at 430 MeV and a centre-of- 
mass scattering angle of 66° has been made by Handler et al.*! The result for 
pe‘ +p2' = 0.0019 + 0.009 translates in a time irreversible phase parameter 
Ay < 0.1. However, as shown by Binstock, Bryan and Gersten!3 the scattering 
angle 9.4, = 66° is close to a zero of the parameter DE’ +2! assuming only that 


a possible TRI-violating process is short range in nature. 


3. ISOSPIN AND CHARGE SYMMETRY 

3.1 Introduction 

Charge symmetry is a consequence of isotopic spin invariance, the first 
“internal symmetry" that was postulated in elementary particle physics shortly 
after the discovery of the neutron. Isotopic spin invariance is broken by the 
electromagnetic interaction and consequently one expects effects of order the 
fine structure constant « = 1/137. Charge symmetry is a lesser symmetry because 
it only involves a rotation in isospin space through 7 or a reflection about the 


1-2 plane of charge space. In the case of nucleons charge symmetry has as a 
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consequence that observables are unaffected by changing neutrons into protons 
and protons into neutrons. 
The classification of the nucleon-nucleon interaction within the isospin 


22 In brief one can dis- 


formalism has been presented by Henley and Miller. 
tinguish four interactions. Of these only the interactions classified as (3) 
and (4) in Ref. 22 concern charge-symmetry breaking: 

(3) Charge-asymmetric, charge-dependent interactions, which preserve symmetry 


under the interchange of nucleons i and j in isospin space, denoted by 

ea One Cah EC) 
In this and the following expression the quantities D, E, and F repressent 
functions of space and spin coordinates, T(i) and t( 4) are the isospin operators 
for nucleons i and j, and T3(1) and T3(5) are the third components of the iso- 
spin operators. This interaction only affects the n-n and p-p systems; there is 
no isospin mixing since psax ell = 0. The quantities ? and T3 are the total 
isospin operator and the third component of the total isospin operator, 
respectively. 

(4) Charge-asymmetric, charge-dependent interactions, which are asymmetric 
under the interchange of nucleons i and j in isospin space, denoted by 

Vi jee Bir) = 03Gi) + Fit). 6 2G) 2 
This interaction only affects the n-p system; it causes isospin mixing. 

3.2 Evidence for Class IV Charge-Symmetry Breaking Interactions 

Neutron-Proton Elastic Scattering: 

Charge symmetry of the n-p interaction leads to the complete separation of 
the isovector and isoscalar parts of the scattering matrix for n-p elastic 
scattering. In the even (odd) partial waves the isovector part contains spin 
singlet (triplet) and the isoscalar part spin triplet (singlet) contributions 
only. The concept of charge symmetry forbids transitions between the two parts 
of the scattering matrix and thus between the spin triplet and singlet states. 
The triplet-singlet transition amplitude fyg is thus forced to vanish. This 
restriction in turn leads to exactly equal polarizations of neutrons and protons 
in the scattering of initially unpolarized particles. Thus, for a given 
(neutron) scattering angle § in n-p scattering, the concept of charge symmetry 
implies: 

ANAC) = ICED) Pp(1-8) 20 4 


i.e. the equality of scattered and recoil nucleon polarization. Exactly the 
same considerations hold for the analyzing powers A,(98) and Ap (1-98) and their 


difference M in the scattering of polarized nucleons. 
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If on the other hand, charge symmetry is given up, isospin mixing via spin 
triplet-singlet transitions becomes possible and a non-zero difference AA will 
in general be observed. Such a difference is directly proportional to the 
amplitude fg and thus to the existence of class IV charge-symmetry breaking 
interactions. From the detection of a non-vanishing analyzing power difference 
AA the amplitude fg can be determined to the extent that the other interfer- 


ing amplitude is known, since 


ih S12 re beere 
96 


12, 


where the centre-of-mass n-p scattering amplitude is written as 
M => [(atb) + (a-b)(6,*A) (Gh) + (cd) (GF, th) (Fy th) + (c-d) (51+ 2) (GX) 
> 2 > + A 
+ e(6,46,) *n + fp5(3,-8) *h | 5 
The various quantities in this equation are as defined above. 


La France et al.*% have listed all the spin-dependent observables in the centre 
of mass which involve the spin triplet-singlet transition amplitude. Experi- 
mental considerations show that the next simplest quantity to be measured in n-p 
elastic scattering is the difference in the spin-correlation parameters C,,(9) 
and C,,(9)- The correlation parameter Cy, has the projectile spin transverse to 
the beam direction in the scattering plane and the target spin longitudinal with 
the incident beam direction, while for C,, the reverse holds. Again charge 
symmetry leads to the equality of Cy, (8) and Cz,,(8), but if charge symmetry 


is broken then one will be able to measure a difference: 
NCO) = CeC9) — GesC 9) 


This difference in the spin correlation parameters C,7(6) and C,,(8) is, like 
the difference in the analyzing powers, directly proportional to the spin 
triplet-singlet transition amplitude: 

2 

AC = — Im[c*fqg | . 

on : 
All other spin-dependent observables which involve the spin triplet-singlet 
transition amplitude require the measurement of the polarization of either one 
or both of the scattered nucleons. 

Calculations of the charge-symmetry breaking effects on the analyzing powers 

of energies up to 460 MeV have been made by Cheung, Henley and Miller“ and for 


25) 


energies up to 750 MeV by Gersten. The differences in the analyzing powers 


were calculated as functions of angle and energy taking into account the direct 


electromagnetic effect (one photon exchange), p° 


—W meson mixing, and the 
neutron-proton mass difference effect in charged one pion exchange. Gersten2° 


also included the neutron-proton mass difference effect in charged p-exchange. 
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Fig. 2. Theoretical predictions for the difference in polarizations of 
scattered neutron and recoil proton in elastic scattering of unpolarized 
neutrons from unpolarized protons due to direct electromagnetic effects 
(APEM), due to e°-w meson mixing (AP wp) due to the n-p mass difference 
effect in charged one pion exchange (AP) and in p-exchange (AP,), a) by 
Cheung, Henley and Miller, ref. 24; b) by Gersten, ref. 25. 
The latter approach is in terms of the bar phase shifts with values obtained in 
N-N phase-shift analyses which assume isospin conservation. The triplet-singlet 
mixing angles were calculated in the first Born approximation. Of importance at 
500 MeV are ae, and iDp= Ds mixing. In general the absolute values of the 
triplet-singlet mixing angles are slowly increasing functions of energy. The 
500 MeV predictions by these authors are shown in Fig. 2. 
Two experiments to measure the difference AA between the neutron and proton 
analyzing powers An-Ap are currently in progress: at TRIUMF with 480 MeV inci- 


27 Designed as a 


dent neutrons 2° and at IUCF with 200 MeV incident neutrons. 
null-measurement, requiring no accurately known polarization standards, the 
TRIUMF experiment will determine the difference in angle at which A, and Ap 
cross through zero (~71° c.m.). The two interleaved phases of the experiment 
consist of scattering polarized (unpolarized) neutrons from an unpolarized 
(polarized) proton target of the frozen spin type. The experiment is intended 
to provide an unambiguous test of class IV charge-symmetry breaking effects to 
the level of M = 0.001, corresponding to a laboratory angle difference at the 
zero crossing of ~0.05°. Theoretical predictions for this angular difference by 
Cheung, Henley and Miller? and Gersten*° are a factor 2.5 and 10, respectively, 
larger than the experimental accuracy aimed for in the experiment (see Fig. 3). 
In the IUCF experiment, in addition to a determination of the displacement in 
the angle where A, and AD cross zero, information on the angular dependence of 
AA in the range 75°-120° c.m. is obtained by measuring the ratio of the analyzing 
powers at different angles An (81 )Ap(85)/4n(89)Ap(8))- Ths ratio is again inde- 
pendent of beam and target polarization and differs from unity as a consequence 


of charge-symmetry breaking interactions. The experimental layout is depicted 
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in Fig. 4. Note that the cross-— 
over angle at 200 MeV is close to 
90° and therefore mainly depen- 
dent on Pas Pa mixing, while the 
angular dependence of the ratio 
of the analyzing powers will also 
be sensitive to 1p -°D, mixing. 

The Reaction np + d7®: 

In the final state the total 
isospin equals one, and therefore 
under isospin conservation only 
the T=l n-p component can con- 
tribute to the reaction. For the 
T=l component certain symmetries 
hold. For instance the differen- 
tial cross section is symmetric 
about 90° in the centre of mass 
(like pp > drt). Similar symme- 
try relations hold for the vector 
and tensor polarizations of the 


deuteron when scattering unpol- 


arized neutrons from unpolarized 
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Experimental layout of the test of charge symmetry in n-p 


elastic scattering at 200 MeV. 
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protons. It is to be noted that the vector polarization Py and the tensor 
polarization components P,, are odd functions in 9, while the tensor polariza- 
ation components Pyy, Pyy amd Pz, are even functions in 9. When scattering 
polarized neutrons from unpolarized protons or unpolarized neutrons from 


polarized protons the analyzing powers are identical (A, = A like np * np). 


p? 
Unfortunately the crossover angle, where the analyzing power changes sign, 
varies rapidly and is only present at incident energies below 450 MeV, making a 
null experiment a very difficult task. Any forward-backward asymmetry of the 
differential cross section angular distribution points to the existence of an 
isospin-mixing amplitude or to the presence of class IV interactions. 

The most recent measurement of the-forward-backward asymmetry is the one by 
Hollas et al.28 A nearly monoenergetic neutron beam of 795 MeV was incident on 
a liquid hydrogen target. The recoiling charged particles were momentum 
analyzed, a time-of-flight measurement allowed a determination of their rest 
mass. A complete angular distribution was obtained choosing 3° wide bins 
between 2° and 178° in the centre of mass. Defining the forward-backward 
asymmetry parameter Arf; as the differences in the integrated differential 
cross section from 0 to m/2 and from 1/2 to wm divided by the sum, 
no evidence for charge-symmetry breaking interactions was found to an order of 
0.5% in the asymmetry parameter A¢p- 

The angular distribution asymmetry has been calculated at 5/77 MeV by Cheung, 
Henley and Miller 29 taking into account charge-symmetry breaking contributions 
due to one photon exchange, 1°-n and p°-w meson mixing, and the neutron- 
proton mass difference effect in charged one pion exchange. The dominant con- 
tribution is due to ™°-n mixing. The predicted value for the asymmetry param- 
eter Af} at 577 MeV is -0.16%, while at 800 MeV the predicted value due to 
m°-n mixing alone is -0.11%. 28 Clearly experiments need to improve on the 
uncertainty in the asymmetry parameter Ag, (approximately by a factor 10) in 
order to provide quantitative information on charge-symmetry breaking. The main 
obstacle at present is the uncertainty in the correction for deuteron losses, 


since deuteron total reaction cross sections are poorly known at intermediate 
energies. 
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THE DEUTERON PROPERTIES 


ina Ore ERICSON 


CERN, 1211 Geneva 23, Switzerland 


The low energy deuteron parameters are discussed in view of their physical 
information and their constraints on the description of the deuteron in terms 
of more exotic subsystems. Important recent progress has recently been 
achieved on the understanding of the root mean square radius, the quadrupole 
moment, the D/S parameter and the asymptotic S state amplitude. There is 
a strong model-independent interlinkage of various quantities, which holds 
independent of the detailed model. Strong evidence is found for quantitative 
dominance of pionic interactions, particularly for the D/S ratio and qua- 
drupole moment. 


Our understanding of NN interactions and their electromagnetic effects have 
traditionally been very heavily influenced by a handful of basic quantities in 
the deuteron. These are: the binding energy e, the magnetic moment Hap the 
quadrupole moment Q, the "deuteron radius" rae the asymptotic value of the 
S wave function A. and the asymptotic D/S ratio n. 

Since similar quantities exist also in other nuclear systems, it is worth 
while to enquire why the present ones have become such extraordinary touchstones 
in nuclear physics. There are three basic reasons for this: 

- first, they are all known to an experimental precision which is very high; 

- second, most of them are strongly interlinked between themselves; this imposes 
strong constraints in any description; 

- third, because of the highly well-defined conditions, it is routine to compare 
the predictions of these quantities in any serious model and to compare them 
to the very precise experimental values, 

The last condition may sound trivial, but it is not. The fact that theoreti- 
cians return to a description of the same quantities in depth means that a number 
of smaller corrections are well understood, In this manner, the significance of 
the high experimental precision becomes fully relevant. These quantities rapidly 
separate theoretical chaff from wheat, and holds new approaches up to a rapid 
examination of their practical worth. This is of particular importance at the 
present moment, when the nature of NN interactions is being re-examined in the 
light of QCD. The numerical experimental values of the various quantities are 
given in Table 1 [excellent previous versions are found in Refs, 1 and Z| and 
are commented on below. While the main present developments concern Q, ry Be 


and n, I will also discuss, for completeness, e€ and ug. 
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Before this, however, it isuseful to examine briefly the deuteron in the po- 
tential approach which, of course, has its limits. The usual deuteron equations 


for the coupled S and D states are 


Co? +U,, Ju + U,,W 


(1) 


WW 


Woe oer eer Us) US atl, 


where the Wig = Le are the potentials. The asymptotic wave functions u 


and w are normalized so that 

(Cine ne ar 
w> nA, eve 

A crucial pronerty of the potentials is the notoriously weak central in- 
teraction U,,. In fact, if one would substitute the attractive central OPEP 
interaction in the S state and ignore the D wave coupling, the amNN coupling 
constant must be increased by a factor of three to produce binding, quite apart 
from the fact that short-range interaction is repulsive. In the D state ae 
is repulsive and does not produce binding. The deuteron binding is thus a cru- 
cial property of the S-D channel coupling. It is mainly produced by the OPEP 
tensor potential as was observed long ago by Glendenning and Kramer®, The 
asymptotic S and D wave normalizations are the deuteron "coupling constants". 
They are directly and externally measurable in various ways as a matter of prin- 
ciple, The S wave normalization governs in particular the radius Vas while 
the quadrupole moment is proportional to Ae and also, very roughly, to 7. 

The S wave amplitude is related to the deuteron effective range o(-e,-c) 
by the relation 

Ae 2 AZ) 2 (3) 

[ 1-20 (-e, -e)] 

This quantity has proved difficult to determine directly with sufficient accura- 
cy. On the other hand, the closely related value p(-e,0), the mixed effective 
range is directly measurable and is defined by 


p(-,0) =£ 1 - (aa) J (4) 


The triplet scattering length ay is in practice fixed by the incoherent cross- 
section ao = m(3a;+ac). The experimental values by Houk* and Dilg?, 
(@) 
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2043.6(2.2) fm* and 2049.1(1.4) fm? are inconsistent within error bars. 
Since there is no obvious reason to discard any one of them, we use them both 


to obtain 


(-e,0) 


iT] 


| 5 
PHouk 1.750(5) 


Ppigl-£20) = 1.760(5) 


W 
— 


op, (-€,0) .755(4) (2ppt) 


Models for the deuteron incorporating OPEP characteristically give the 
effective range op = 1.76 fm to within some per cent, but the result has some 
model-dependence, and is far less accurate than experiments. The difference 
60 = o(-e,-e) - o(-e,0) is, however, nearly zero, and a magnitude smaller than 
might have been dimensionally expected. This is a natural consequence of OPEP 
as pointed out by Noyes®, Klarsfeld et al./ in a recent manuscript, have found 
that this difference correlates very accurately with the exact value for the 
triplet scattering length a, in numerous models (see Fig. 1). 


9 (fm) 
~s 
ao 


i 
0.183 0.184 0.185 0.186 0.187 
ay! (fm) 
FIGURE 1 
The deuteron effective range p(-c,-e) andthemixed effective p(-e,0) versus 
ay jin various models according to Klarsfeld et ali’. Note that the difference 
66 = [p(-e,-e) - o(-c,0)] is very well determined by ay and that this dif- 
ference is very model-independent in this variable, 
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Let us now return to experimental deuteron parameters and their interpreta- 
tion in more detail. 


Binding enemue 


€ = 2,224 579(9) MeV (4 ppm) (6) 


This quantity is known to a precision far outside any theoretical possibility, 
and it is in this sense irrelevant, It is, however, extremely important that 
theoretical deuteron descriptions have this quantity correct, even if this means 
some minor phenomenological adjustments at short range. The reason is that the 
deuteron scale parameter is the inverse wave number R = a 


-1 


a =R = 4.31896(2) fm (5 ppm) (7) 
using relativistic kinematics. The non-relativistic value often used 


1 =— 
Gp = Rvp = 4,31768(2) fm (8) 
differs by 0.3 parts per thousand. This difference is nearly, but not quite 
irrelevant, since it does contribute about 2x10"* fm to the experimentally 
determined mixed effective range parameter p(-e,0) known to about +5x107° fm. 


Magnetic ponent 
Hg = 0.857 406(1) nm. (1 ppm) (9) 


Once more this quantity is known to precision far beyond theoretical power. 
The most remarkable feature of the magnetic moment is that it is given to high 
accuracy as the sum of the neutron and proton values 


De tine 0.879 696 n.m, (10) 


The discrepancy is only 


= -0,.02229 n.m. 


d (11) 


1.€., -2.6%, This, however, does not give full justice to the comparison, 
Since there is a very substantial cancellation between Hy and w., which 
eliminates the isovector nuclear magnetic moment. A better measure of the 


scale would seem to be 


dug/(uyl+le yl) = -0.5% (12) 
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This result is most remarkable, since it means that whatever further descrip- 
tions are chosen, the nucleonic results must be preserved to within a fraction 
of a per cent, 

Let us briefly examine various sources of corrections to the nucleonic. sum. 
These fall into three categories, 

A) Corrections assuming point nucleons, Since the magnetic moment occurs from 
currents, it is clear that contributions from orbital motion of the nucleons 

are important in principle. The fact that the deuteron is part of the time in 

a D state will generate a well-defined correction in any potential description, 
and this is the basis for the classical determination of the D state probabi- 
lity of the deuteron. However, even for pointlike nucleons, there are several 
additional, well-defined, corrections generated by minimal coupling from the LS 
and LL potentials. The physics of these corrections has been very well discussed 
by Scheerbaum !2, It is in practice of very short range and therefore quite 
model-dependent with contributions of a few per cent. 

B) Isobar (A,N*) components enter the deuteron wave function. This depletes 

the nucleon content and the nucleon contributions to Lge At the same time it 
adds the isobar contributions proportional to their probability and their ma- 
gnetic moments. Both of these quantities are imperfectly known. 

C) At short distances, the deuteron may be in a six-quark or more complex state, 
Like for the isobar case, the contribution will depend both on the probability 
and the magnetic moment of this state, 

In view of the fact that the magnetic moment is only one single number, there 
are clearly too many possibilities for a reliable test of any of these contribu- 
tions. In fact, it would not even be trivial to test the point nucleon assump- 
tion well. As a consequence, I cannot but agree with the statement of Thomas® 
in the Vancouver Conference: "An apparently innocuous, well-understood property 
has turned into a nightmare", 

In spite of the many possibilities, the magnetic moment is still a major res- 
triction. It is far from trivial to accommodate more than about 2% at most of 
any exotic admixture into the deuteron wave function without actively provoking 
a discrepancy in the magnetic moment (a fortuitous agreement could, of course, 
occur, but should then be explained). 

Let us now consider the remaining quantities for which substantial experi- 
mental and theoretical progress has taken place recently. 


The deuteron radius rq 


This quantity is determined from highly accurate values for the q? term in 


the deuteron form factor as measured in the ratio of eD/ep scattering in the 
low q? region. The deuteron charge radius <root is in a sense the primary 
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number, but this is corrected for neutron and the proton form factors (or charge 
radii) so as to have an "intrinsic" deuteron radius, This defines the deuteron 


radius as 


acyes alepes a2 ok 5 ; 13 
4 = see aa rr ie a 6(dG,,/dq Va7e0 ( ) 


AS} 


Both the proton and neutron form factors are known to a sufficient accuracy 
so that no new uncertainties of significance is introduced by this procedure. 
here ae two determinations of Pgs inconsistent within the quoted 
accuracy i. The determination of Bérard et Faye gives ar a= 1.9650(45) fm, 
while Simon et A find 1.9576(68) fm. There is no obvious preference of one 
with respect to the other, so that the average value is Uy pee mre (38) fm. 
This number includes meson-exchange contributions, etc., since no attempt has 
been made to include any many-body corrections. 

One may well ask whether it is appropriate to introduce a definition of rye 
which implicitly assumes that the deuteron consists of nucleons. The nucleon 
size correction is about 7,5%, while the experimental numbers are quoted to a 
precision of 2 to 3 parts per thousand. While the mathematical definition of 
ry causes no problem, it might well be questioned whether it has much sense to 
correct for nucleon size in the deuteron to a precision of a few per cent in 
the correction term. The answer to this is yes: the spatial regions which are 
affected by extended nucleon corrections extend to 4 to 8 fm which is very 
large. To a precision of a few per cent and evenbeyond in thecorrection, it is 
appropriate simply to subtract off the nucleon size. I have, however, not 
found a discussion about this point in the literature, 

The deuteron radius is very closely related to the asymptotic S wave ampli- 
tude ne in a nearly model-independent way, at least on the level of present 
accuracy. 


The radius is related to the wave function by 
rg = 2 fre (uesne yd" + MEC + ISOBAR + QUARKS, etc. (14) 


The overwhelming bulk ‘of the contribution comes from the asymptotic S state 
Us v= nee which gives 


aS 1 ig 4 
in 702A, = 1,98 fim (15) 


*The definition of ry by Simon et are) differs from that of Bérard et al, l2 
in that the Dariineoldy term 3/4M>2 has not been eliminated. In the numbers 
quoted below, the modern value for the neutron form factor has been used, intro- 
ducing a small correction to Ref. 12. 
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i.e., the experimental value to about 1%, The following corrections must be 
considered: a) the .D state contribution of +0,023 fm, i.e., +1.2%; this 
term is model-independent to present accuracy; b) the shape correction to u(r) 
inside the asymptotic region (-2+0,2%); this correction is not well investiga- 
ted, but seems to be quite stable in different approaches (see below for a more 
detailed discussion); it is the main source of uncertainties; c) meson exchan- 
ge corrections are of the order of +0.002 to 0,004 fm!3, Wee Oe Il boe0 27. enamel 
are not yet of importance in present discussions; d) isobar and quark effects 
contribute <0.1%, the reason being that there are of short range and contribute 


14,15. 


only indirectly by a change in Ac this, however, is automatically in- 


cluded by using the experimental value for A.. 
In order to visualize the dependence of rq with an in various wel ]l-known 

deuteron models or models for NN interactions, some of these results are dis- 

played in Fig. 2 (unfortunately, ry is unavailable in several models). The 


linear relation implied by the asymptotic wave function is clearly seen to be a 


ORS T TF T T T T 


0.90 


As (fm 72) 


0.885 
RSCA 
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0.87¢ | 
1.94 
ty (fm) 
FIGURE 2 


The variation of rq with Ag for a number of current NN models. Note the 
very exact linear correlation independent of potential details. I am indebted 
to D.W.L. Sprung for several of the numerical values and to R, Machleidt for 
the information on the Bonn potential (HM). The same relation has been inde- 
pendently observed by Sprung, Klarsfeld and Martorell (private communication) !6. 
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general feature nearly independent of other dynamical features, In order to see 
the shape correction more clearly, I show in Fig. 3 the percentage snape cor- 
rection to rg/A. versus Ag. Since the correction is small, and not much pre- 
cision is needed, a good guide to the functional dependence is given even by 
very crude §S wave functions, From Hulthén wave functions, the correction is 
expected to be given by -3(ap)* to leading order in terms of the effective 
range. Indeed, the various points scatter closely around this line. In view 
of the precision, it is quite possible that the scatter reflects numerical 
inaccuracy rather than model dependence. 

From these results, it is possible to obtain the first direct determination 
of the asymptotic S wave amplitude using Fig. 2, as indicated in Table I1. 
This result, taken together with the result of Eq. (5) establishes experimentally 


da = SO Ou) aim (16) 


According to Fig. 1, the expected value of So of +0.012 fm has opposite sign 
and is nearly model-independent. The discrepancy of 0.030(13) fm is slightly 
more than two standard deviations, so there is no major internal inconsistency 
in the data. In spite of this discrepancy, the present analysis establishes 

for the first time that direct experimental data give dp = 0. 
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The percentage size correction of rq/A, versus A. for the same models. 
Note the small model-dependence. The solid line is the size correction using 
Hulthén wave functions, 
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as is expected from OPEP, The "natural" magnitude of |So|/o is about 5% while 
OPEP models in general give |Sp|/p<0.5%. An elimination of the experimental 
inconsistencies would clearly be of considerable interest as a more accurate 
test, 

RHE DS ratio  y 

This quantity has been notoriously difficult to determine experimentally. 

In the past few years, three different methods of high precision have become 
available, so that this quantity now is known to a few per cent, The methods 
are all based on the orientation of the deuteron using tensor polarization, 
which singles out the D state, All but one of the experiments are first 
generation ones, so that it is not obvious that all precautions have been taken 
for high precision results both in the experiments and in the analysis. This 
was the topic of the deuteron workshop for one and a half days just before this 
Conference. The present results are given in Table III 

Two words of caution must be given, First, the accuracy of the analytical 
extrapolation is not well established at the present high level of precision and 
may be a source of systematic error. This problem does not affect subCoulomb 
stripping, which therefore may be more useful for future improvements. Second, 
the accuracy of the average value is dominated by one single experiment '8, and 
may give a too optimistic view of the actual precision once systematics are 
included, 

Quadrupole moment Q 

The standard literature value Q = 0.2860(15) fm* (5 ppt) is due to Reid 
and Vaida’!, This is based on a theoretical analysis using variational tech- 
niques of highly accurate molecular beam experiments. A new value Q = 0.28590 
(30) fm? (1 ppt) has just become available--, This is based on an improved 
analysis by Bishop and Cheung?*, as well as the realization that the variational 
techniques are exceptionally appropriate for the present case, The experimental 
value has now reached a precision which is presently outside theoretical reach. 

With this survey of the experimental quantities, let us now turn to their 
significance. 

As a first example, consider the question of the deuteron wave function as 
related to the experimental constraints. In a contribution to the Conference, 
Sprung et Alo explicitly construct the S and D wave functions using the 
following assumptions and procedures: 

- take Q and rg as constraints using inequalities (the MEC corrected value 
for Q, and the corrected rq from Ref. 11 was used); 

- assume n_ known; 

- assume the long-range part of interaction known, whether OPEP or an improved 
OPEP based on theory; 
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- integrate u and w inwards from infinity consistent with the constraints 
to a value r =R;5 

- vary n and insist on the validity of the inequalities which follow from 
the constraints. 

Their conclusion is that n is constrained to a small band of possible 
values. They also conclude that u(r) is very well determined outside 1 fm. 
while w(r) is rather ill-determined inside about 1.6 fm. As an example 
for the Tourreil-Reuben-Sprung potential rpg (R=1.6 fm) = 2.67(5)x1077, 

In Fig. 4, their results are shown using OPEP with the Paris potential 

for comparison. The interest of this method is that it does not enquire 

into the short-range behaviour of the interaction, It is clear that such an 
approach yields a value for n in very good agreement with experiments, which 
implicitly implies that Q and ry fix to a considerable degree. his 
approach permits one to visualize the model-dependence of these quantities far 
better than in the past. Unfortunately, the method used loses its power in the 
region inside about 1.5 fm, and cannot be systematically extended to shorter 
distances; still, it 1s most instructive outside this range. 


r(fm) 


FIGURE 4 
ine S eine D wave functions as constructed by Sprung et as using OPEP in 
the external region, The Paris wave functions are given for convenient compa-= 
rison, 


A second example is a recent explicit construction of nm and Q _ by Rosa-Clot 

20 ; é : 
and myself”. Our purpose has been to obtain a very quantitative test of the ac-. 
curacy of pionic effects in nuclear physics. For this we have developed a method 


that controllably eliminates contributions inside about 1 fm for these quantities. 
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The idea is most simply seen as follows, using a potential framework. The 
equation for the D wave 


we = (a? +f 6/r* th Uo2)w ott Us ou (7a) 


has strong repulsion both because of the centrifugal barrier as well as due to 
the very important OPEP contribution to ee In this repulsive potential, the 
D wave is generated by the source function Ue trom the »S state via ‘the 
tensor potential, An exact formal solution for n can now be expressed using 


the exact regular solution $,(r) for the homogeneous D state equation. 


n= fn(r)dr = Ws ee oat) V(r) U(r)dr (18) 
Here t>e as r+, The idea is now that one does not need to know much 
about the S wave, and that %,(r) goes very fast to zero near the origin be- 
cause of the strong repulsion. 

In order to see the power of this formulation, Fig. 5 gives n(r) versus r 
for iterated pure OPEP and the Paris potential using the same ti. The two agree 
to 4%, which is very remarkable as a starting approximation, Even the OPEP Born 
approximation is good to 20%. It is important that the region inside 1 fm is 
unimportant and controllable. The basic problem is not to improve the accuracy, 
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FIGURE 5 
The integrand for the D/S ratio with iterated OPEP and with the Paris potential 
according to Eq. (18). The same & is used. Note that about one third of the 
integral originates between 1 and 2 fm and very little inside 1 fm. The OPEP 


value is an excellent first approximation (from Ericson and Rosa-Clot20) , 
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The dependence of the exact S$ wave function is very weak indeed (see Fig. 6). 
Even a purely asymptotic wave gives poor but not unreasonable results, while re- 
alistic @(r) introduce errors of less than 1% with the uncertainty coming in 
the peak region of the integrand. It is very important to note that u and w 
are not required to normalize to unity, so that isobar-quark admixtures are 
easily accommodated with no change. 

The corrections and uncertainties are the following. 

A) The 2n potential (-4.3%) 

This contribution is theoretically well founded up to the exchange of =7 pion 
masses. The contributions are generated by a aN scattering ("A"), mm phase 
shifts (of which the well-determined P wave exchange (I=1, J=1) is very do- 
minant) and the crossed and uncrossed 2m exchange between nucleons. These 


contributions are all accurately fixed apart from an over-all (improvable) +15% 


normalization uncertainty. The uncertainty in n from this source is about 
40.6%. The theoretical contributions agree well with the results of the Paris 
potential even after the latter has had phenomenological adjustments inside 
OS ime 

B) The tN coupling constants 

To a precision of a few parts in a thousand the effective coupling constant 
is the weighted mean or charged and neutral pions 
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Dependence of the D/S_ integrand (18) on the S wave function, Even extremely 
poor wave functions like exp(-ar) give a fair result and normal wave functions 
introduce nearly negligible model dependence (from Ericson and Rosa-Clot20) 
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Until very recently the experimental neutral coupling indicated a pseudovector 
coupling with fé@ = iS = 0.0790°7, A recent new value of the n° coupling 


constant from pp forward dispersion relations by Kroll gives 


iets = 0.776(9) (20) 
This is -2% lower than previously and is consistent with the pseudoscalar cou- 
pling. With this new value, a major source of worry about consistency has been 
removed, 

C) The mNN form factor 

This quantity is the largest single uncertainty in the present analysis. The 
form factor can be parametrized for small t as 


2 2 
K(t) = cies (21) 
he et 


corresponding to an equivalent uniform radius 
Pee a 10/ A (22) 


This parametrization is valid whatever the origin of the form factor, which 
could be due to extended quark bags. In a pion exchange language, the form 
factor requires at least a 3m exchange. 

The effect on the integrand for n is seen in Fig, 7 for various A and R. 
In view of the close agreement of mn with theory, it is very awkward to accept 
a phenomenological A < 1000 MeV, 7i.e., more than a -3% reduction. This indi- 
eaves ik < O65 am. 

Other information on the form factors is hard to obtain, but NN scattering 
data indicate large A ) consistent with the present observation, Dispersion 
relations for A indicate it to be >1000-1400 Mev/c°!, On the other hand, 
quark bag models favour A < 700 mev/c8, indicating a conflict. 

A similar analysis can be made of the quadrupole moment with Q = Q, + Q, 


Q, = 1/750 ne r? uw dr 


Qs 


iS (23) 
eyi20) & pe ew dr 


The D state contribution is -6% of the total and is easy to evaluate to the 


required accuracy. 
With the previous Green function technique, one can write Q, identically 


as 
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FIGURE 7 
Dependence of the D/S integrand on the amNN form factor. The integrand de- 
creases by 3.1%, 8.5% and 19% for the three cases, which correspond to R = 
= 0.63 fm, 0.84 fm and 1.26 fm. Note how the contributions are moe Nae up to 
rather large r as soon as A < 1000 MeV (from Ericson and Rosa-Clot‘~). 


Ome Ae x (constant) x i (i) aalte)) tale (24) 


The integrand consists of a weight function F(r), which is nearly model-inde- 
pendent apart from the very short-range region, and the previous integrand n(r) 


(see Fig, 8). As a consequence, one expects Q and n_ to contain very similar 
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The quadrupole weight function F(r) and the D/S integrand, The folded value 
is nearly model-independent (from Ericson and Rosa-Clot¢ Ne 
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information, apart from the fact that the quadrupole moment emphasizes the in- 
termediate range somewhat more. This is well borne out displaying Q/Ag versus 
n in units which removes the over-all proportionality of the integrands to the 
TNN coupling constant. Figure 9 shows that indeed standard major models give a 
very exact linear relation between these quantities. In fact, the curve is use- 
ful, for an early version of the Paris model had a point far off the curve to 
the right: on investigation, we were informed by the Paris group that this was 
due to numerical inaccuracies, and the correct point is indeed on the universal 
line. Quark models with small A are also on the line, but they appear out of 
scale to the left. Using the same f? and AC any other variation of Q and 
n will obey the approximate relationship 


= 7 (25) 
The experimental point in the Figure is obtained using the experimental value 
A. 0.885 ? and with f2 = 0.078. a quadrupole moment is then corrected for 
MEC contributions according to Kohno a. giving the points indicated inthe Figure. 
There is the possibility of a disagreement with any potential model, but this 
conclusion is based on only two standard deviations in n, which, in addition, 
may have an underestimated error, It is clearly important to increase the pre- 
eisioOnein 1 by a factor 2 to 3. In themeantime, accepting the validity of the 
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FIGURE 9 
Variation of Q/Ag versus mn in various standard approaches, Both Q and n 
have been corrected for the trivial proportionality to the mNN coupling constant 
in Born approximation. Note the universal linear correlation to high precision 
independent of detailed assumptions (from Ericson and Rosa-Clot¢¥), 
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universal line, the quadrupole moment determines n more accurately. This leads 
to a value for 7 = O65 08 using Le = 0,880. This is consistent with the 
previously quoted value of Klarsfeld et al. 

Finally, how is this related to the problem of bag sizes? Apart from the 
Stony Brook little bag, there is disagreement with data using quark bag form 
factors straightforwardly. This indicates that some modification in the thinking 
about two bags in interaction may be needed. A possible way out has been indi- 


cated by Guichon and Miller@?, 


They observe that a bag is not an inert system. 
It is therefore logical to antisymmetrize the constituents of two interacting 
bags. In this way, they find that the corresponding Fock term substantially 


compensates the form factor effect. ‘Using the condition of continuity in the 


probability current, they find that there is no problem even with the bag radii 
beyond 1 fm. In this case, the "form factor" becomes only an “effective form 
factor". This idea is an interesting one and is well worth to pursue further. 
The conclusion of the present discussion is that we can now theoretically 

relate Q and n on the level of 1% and that the experimental precision in yn 
must be improved to test this relation, As a by-product, the MEC contributions 
will be model-independently tested. Even as of now there can be no doubt that 
n and Q provide the best quantitative evidence for pions in nuclear physics, 
and this includes contributions both from rescattering and from the non-trivial 
region between | to 2 fm, 


TABLE I * 
Deuteron properties 


e = 2,24579(9) MeV 

a7’ = R = 4,31896(2) fm 
ug = 0.857406(1) n.m, 
rq = 1.963(4) fm 


Pay(-es-e) = 1.737(12) 


A. (average) = 0.8802(20) 
n = 0.0271(4) 
Qy = 0.28590(30) 


*Comments are given in the text, 
*Note inconsistency with deduced 
value 1.767(4) from p(-e,0). 
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TABLE II 


Ae (Bérard) = 0,8813(24) = 1.744014) fm 


Ac *P (Simon) = 0,8772(36) = 1,720(21) fm 


Ac P( average) . 8802 SU(N) sit 


*Note that As is about three times more accurate than p(-e,-e) 
which is of considerable practical use! 


TABLE IIT 
Determinations of n by different methods 


Analytical 


elastic (B,p) extrapolation 


2H (0,p) 


3,18 
SATE 
SubCoulomb Stripping 


20 


Average 
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SEMIPHENOMENOLOGICAL NUCLEON-NUCLEON POTENTIALS 
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A review is given of some of the properties of semiphenomenological nucleon- 
nucleon potentials. Special attention is paid to how they compare with low 
energy pp-polarization data and with phase shift analyses. Shown is that for 
all potentials holds, that the long and intermediate range parts of the 

I = 1 tensorpotential are too strong, and of the I = 1 spin-orbit potential 
are much too weak. 


1. INTRODUCTION 

In this review about the semiphenomenological description of the nucleon- 
nucleon (NN) interaction we want to limit ourselves to a discussion of the 
semiphenomenological NN-potentials. Omitted is therefore the discussion of work 
based upon dispersionrelations. We think here especially of the work of P. Kroll 
et aie Of ese eUNCUTGhA vex we and of R. Viollier et Atl 

An NN-potential will be called semiphenomenological, when it is obviously not 
a purely phenomenological one, but when it is based on some underlying theory. 
Mostly this is some form of meson exchange, but lately also attempts are made to 
look at quark and/or gluon exchange. These latter potentials are, however, not 
yet in such a shape that they provide reasonable fits to the data. Any discus- 
sion of them will so be omitted. 

Important ingredients of all semiphenomenological potential models are the 
parameters of these models. At present there exist no theory which allows us to 
calculate, in a parameterfree way, an NN-potential, which predicts realistic 
phase shifts. Therefore one must introduce in every calculation some free param- 
eters, which are then fitted to the experimental data. It is of course obvious, 
that the more parameters one has at ones disposal, the easier it will be to get 
a satisfactory fit to the data. Let us divide these parameters into three sets. 
The first set will contain the physical parameters. That are the parameters 
which can be checked, independently, somewhere else in physics. An example is 
the pion-nucleon coupling constant. For some of these parameters NN scattering 
is perhaps the only place, where they can realistically be determined. The 
second set of parameters contains the purely phenomenological parameters. These 
are introduced to cover up our ignorance and are used at the same time to 
improve the fit to the data. We think here, for example, of the hard core radii 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
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and of the descriptions of the short range forces. Finally we want to introduce 
a third set. This set contains those parameters for which it is hard to decide 
if they belong to either set one or set two. What to think of the mass and the 
coupling constant of a fictitious o-particle? The o-particle can in principle 
be related to a proper treatment of the broad e-meson??2?”, but when this is not 
done, then we include the parameters in set three. Also the form factors are 


placed in this set. 


2. THE POTENTIALS 

Let us next mention and discuss shortly some of the (semi) phenomenological 
potentials. In fact it will be more a mentioning of the different groups working 
on such potentials. Each of these groups has constructed several potentials, but 
of course most potentials of the same group are based upon the same underlying 
philosophy. Let us state at the outset, that we have made a choice of the avail- 
able potentials and that some are left out intentionally and some unintentional- 
ly. We think, however, that it is a fair representation of the presently avail- 
able NN-potentials. 

2.1. The Funabashi potentials’ 

These are OBE-potentials, where a rather restricted set of mesons (7, n; 0; 

w and two scalar mesons 59 and 04) is used. These potentials contain 3 to 4 free 
physical parameters, 1 or 2 purely phenomenological parameters, and 3 parameters 
of set three. In total about 8 parameters are used in the parameter fitting. 

2.2. The Bonn potentials’? 

In the past the Bonn group constructed several different OBE-potentials®, all 
containing about 8 to 9 parameters. Six of these were physical (set 1) and the 
rest belonged to set 3. The newest potential” contains again 6 physical parame- 
ters, but now about 7 which belong to set 3. They use no purely phenomenological 
parameters of set 2. The total number of parameters used in their newest poten- 
Bic 7S loos Mss 
2.3. The Nijmegen potentials 0°11 

The OBE-potentials as constructed by the Nijmegen group can be divided into 
two different sets. The hard core potentials > Nhe have in total 14 parameters, 
10 of these are coupling constants (set 1) and 4 are purely phenomenological 
hard cores (set 2). The soft core potential !! Nsc has 12 physical parameters 
(set 1) and one cut-off parameter of set 3. This soft core potential has no 
purely phenomenological parameters of set 2 and has a total of 13 parameters. 
2.4. The Paris potentials !>3 

ne ies Peles potential !¢ (P1) is of mixed origin (dispersion theory and 
OBE). Only one free parameter I. belongs to set 1. The short range part is 
described purely phenomenologically and needs 12 parameters (set 2). This gives 
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a total of 13 parameters for this Pl-potential. 

The parametrized Paris potential +: (P2) is much harder to classify. In their 
publication’? the Paris group is very vague and sometimes contradictory about 
the procedure followed. This potential contains 2 parameters of set 1 and 132 
parameters belonging to set 2. It is not clear to us (because it is nowhere 
clearly explained) how many of these 132 parameters are determined by theory and 
how many by fitting the data. It is very likely that not all of these parameters 
are used to fit the data. During the talk at Karlsruhe I was wondering if there 
were perhaps 100 fitted, or perhaps 50? A private discussion afterwards with 
B. Loiseau and M. Lacombe made it clear, that for each potential form at least 
one parameter was used. This makes for at least 14 purely phenomenological pa- 
rameters of set 2. AS a rough estimate for the total number of parameters 
effectively used in data fitting we would now like to guess about 20. 

The important thing is really not the exact number of effective parameters, 
but that the parametrization changed for some of the potentials the dispersion 
theoretical intermediate range part. 

2.5. The Argonne potential! 

The Argonne potential Via is a purely phenomenological potential with a OPE- 
tail. The short and intermediate range parts of the potential are parametrized 
with 28 purely phenomenological parameters. 


3. WHY DO PEOPLE CONSTRUCT POTENTIALS? 

For a proper understanding and appreciation of the different potentials it is 
enlightening to look into the various motives of the different groups. These 
motives range from interests in high-energy physics to applications in nuclear 
physics. For some of these applications one wants very accurate fits to the 
data, for other applications a less good fit to the scattering data is perhaps 
sufficient. 

Motives finding their origin in relativistic quantum mechanics are: 

(i) a determination of the various meson-nucleon coupling constants; 

(ii) the influence of possible form factors; 

(iii) a study of non-static effects, such as the energy and momentum dependence 
of the potential; 

(iv) a study of retardation effects. 

The Paris potential Pl was motivated by dispersion theory. The mN scattering 
data, when properly analyzed and analytically continued, determine an important 
part of the long and intermediate range NN-forces. 

The NN-forces are a special case of the more general baryon-baryon interac- 
tion. Especially the Nijmegen group started constructing NN-potentials, because 
they wanted information for use in the study of the YN-interaction (AN, =N, EN, 
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Wis HEE )).c 
For many groups the study of nuclear matter was a motive. In that case the 
influence of the closed NA and AA-channels is probably very important. The 


Argonne group constructed a special potential Vog for that case. 


A. WHICH EQUATIONS ARE USED? 
To calculate from the potentials the phase shifts two different methods can 
be distinguished. The groups working in coordinate space use the familiar 


Schrodinger equation 
(a + po) w(r) = 2mVy(r) (1) 


The groups working in momentum space use the Lippmann-Schwinger (LS-) equation 
for the scattering amplitude T (or equations equivalent to it) 


3 
2 2 d°k 2 2m 2 
T(PeoP;3P) = V(Pp»P;3P) + Bese: V(Pesksp° ) ae. T(kK,p.sp-) - (2) 


In both cases one can distinguish between non-relativistic and relativistic 
treatments of the kinematics. The difference is the relation between the cm- 
energy E and the relative momentum p. This is nonrelativistically E = p°/2m, 
and relativistically E = (pe4me) ® + (po+m5)? - m, - M5. 

As already stated above people often use relativistic forms of the LS- 
equation. These equations look different from (2), but can always be rewritten 
in the form (2). These relativistic LS-equations have been used in the past by 
and often carry the names of Blankenbecler and Sugar!”, Logunov and Tavkhelidze 
16. Kadyshevsky2’, Thompson!® , Partovi and Lomon?®, Bryan and Gersten”, and 
many others. 

The relativistic LS-equation has been used by the Bonn and Funabashi groups 
(also sometimes by the Nijmegen group). The great advantage of this method is, 
that any momentum dependence of the potential can be handled (as long as physi- 
cal so that no divergences appear). However, there are also some drawbacks. The 
inclusion of the Coulomb-potential is very difficult and to my knowledge has 
never been done properly by any of these groups. Another disadvantage of the 
method is, that it is slower and less accurate then the calculations in coor- 
dinate space. Advocates of the calculations in momentum space often claim that 
the last statement above is incorrect. Still, we feel that the statement is 
correct, but it is perhaps more a matter of interpretation what one calls slow 
on a fast computer. 

The Schrodinger equation is used by the Nijmegen group in its relativistic 
form. The Paris, Argonne, and Funabashi groups use the non-relativistic version. 
The biggest drawback of this method is, that one needs to approximate the 
momentum dependence of the potential, such that only terms linear in pe are kept. 


J.J. de Swart et al. | Semiphenomenological Nucleon-Nucleon Potentials 303c 


This’ is, unfortunately, quite a drastic approximation. However, when one has 
done this approximation, then the inclusion of the Coulomb potential is trivial 


and the existing codes are very fast and accurate (when carefully programmed). 


5. ABOUT THE POTENTIAL FORMS 
The spin dependence of all potentials can be written in the coordinate re- 


presentation in the form 


Vea Ver ESV pees Velo ee Vi 


De oes ee ecne Nie ) 
The quadratic spin-orbit potential Vg is treated differently by the different 
potentials. 

Nijmegen and Paris use Qio = BE (o,-L)(o5-L) + (o5-L) (o,-L)] ; 


: we 2 
Funabashi uses Wao = Qi 3 (oy Go)L ; 
and Argonne uses (LoS: a 3 [Q,5 =Eaoit we 


The main difference between the potentials comes in the treatment of the central 


potential Vo and the spin-dependent potential vo In order to get some feeling 
for these differences and also to get some feeling for how well one can calcu- 
late potentials at present, we will look at the recently derived improved 
Coulomb potential<° which should be used in the relativistic Schrodinger equa- 
tion. This potential includes the lowest order relativistic and recoil correc- 
tions to the ordinary Coulomb potential. Between two protons this improved 
Coulomb potential has the form 

Y= Ve - V 21°22 ~ VtS40 + Vegh+S 
Well known are the expressions for Vr. Vise and Vie The central potential Vo has 
the form 


p il 2 
+ Vee aa + Be (AVog + Veg) + Ver Ii (4) 


For point protons the static central potential is 


V 4na .3 


CS == [A ae 3 (Uae re) a 


the energy dependent (Voge) and momentum dependent (Voq) central potentials are 


V (x #4) = and V 


cee r Cd 
and the L*-dependent central potential Ve is 


= (4 - 1) : : 


ie: 


Oey er eS 
Me Ye 
In these expressions M and « are the mass and anomalous magnetic moment of 
the proton and \ is an arbitrary parameter which depends on the gauge and on 
the retardation. We see therefore that this potential is not unique, but 


depends on the gauge and on the retardation. However, the observables are 
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unique in the lowest orders of « and v/c. For example when applied to the 
realistic hydrogen atom the binding energies are correct up to order ars Impor- 
tant to note is the freedom in the choice of A. The potential becomes energy 
independent if one chooses i = - 3, the choice > = 1 removes the momentum 
dependence, and the choice \ = O removes the L*-dependence. 

Similar results are also obtained“t for the exchanges of massive neutral 
scalar and vector mesons. This example shows that the different potential forms 
V. with iB = C, o, T, SO, Q are probably all energy dependent, momentum depend- 
ont and ie -dependent. When we look at the different potential forms used by the 
different groups, then we note the following practical approximations. 

In the Nijmegen hard core potentials V. = Vig (r) for all i. The Paris poten- 
Gila Pil USes 


E : 
iF = Vig(r) + 4 race ) for i = C ancl a. 
The Paris potential P2 and the Nijmegen soft core potential use 
ne me oe 
i = Vig(r) Ml (avi 4 + Vs 4d) HOW =) Caatid ton 


The Argonne potential uses 
2 2 
V. = Vg(r) + Ve) L 


The Funabashi potential uses 


Gor W = 6 aie ce 


e al 2 
He Mish @) ey (ONG VG ga) 


In this context it should be said that dispersion theory gives only energy 


+ Ve) (1) L 


dependent potentials and perhaps L*-dependent. The difficulty with the energy 
dependent potentials is, that they are not very well suited for non-relativistic 
quantum mechanics. Such potentials give difficulties in many kinds of calcula- 
tions. For this reason most groups have tried to stay away from energy depend- 
ent potentials. We feel that this has perhaps been an error. 

Let us also make a remark about the tensor potential Vr(r). The Argonne 
potentials, the Paris potential Pl, and also the Paris NN-potential have tensor 
potentials that are finite for r = 0. We have the feeling that that is unphysi- 
cal and should be avoided. The reason for this feeling is, that for the triplet 
coupled channels the radial wave function X_ (1) will have a logarithmic 
Singularity when r > 0, then 


Kae) ~Y tar?inr 


The exponent p is such that Xp is still zero when r + 0, but this singularity 
will give in many computer codes accuracy problems for 2 > 0, unless treated 
very carefully. When not for physical reasons it is surely useful for practical 
reasons, when the phenomenological inner part of the tensor potentials are 
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chosen such that V(r = 0) = 0. 


6. FIT TO THE EXPERIMENTAL DATA 

One way to gauge the quality of the different NN-potentials is to see how 
well they describe the experimental data. For that one needs first of all a good 
phase shift analysis of all the data. In the past all groups used the Livermore 
phase shift analyses @¢ MAW IX and X of 1968 and 1969. These are now rather out- 
dated, especially for the np phases. Unfortunately there is at present not a 
single phase shift analysis used by all groups. Probably none of the available 
analyses have at present the required quality over the whole energy range to be 
a good standard. 
(1) A fit to the phase shifts is made by minimizing 

5. - 6, (exp) i 

Aé. exp 2 
where the 5; (exp) are the phase shifts of the single energy analyses at several 
different energies. This is surely a good, first start when constructing a 
potential. This procedure has been followed in the construction of the Paris 
Pl-potential and the Funabashi potentials. However, this method has some serious 
drawbacks, especially when the phase shift analysis used is in a false minimum. 
A nice example“? of this is the difference in the a phase shift and the 
coupling parameter ey between the MAW IX and X analyses. 
(17) A much better method is to make a fit to the experimental data using an 
existing phase shift analysis. The importance of this method was stressed very 
much in the talk® of one of us (J.J. de Swart) to the 1976 European Conference 
on the Few-Body Problem. When one is near the minimum in the ye-surface, then 


one must calculate 


2 
Bt Ole aes 9% a 
Ree rr el? Fae [6; - 6; (exp)] a5 oe [é, 6; (exp) ] § 


where ae and (0°4)/(36536 5) Jeo be obtained from the phase shift analysis. 
This quantity Re gives then the x that would be obtained when one does a direct 
o-fit to the data. One of the first ones to use this method were Bryan and 
Gersten?. This method was used by the Nijmegen group, by the Bonn group, and 
probably also by the Argonne group. Also this method has its drawbacks. The 

fit suffers from the prejudices and inaccuracies of the phase shift analysis 

one uses. Examples of possible inadequacies of phase shift analyses are: the 
specific selection of data sets, the treatment of the higher partial waves, the 
treatment of the Coulomb interaction and of the Coulomb corrections, the choice 


of energy dependence, etc. - 
(iii) A method recently advocated by the Paris group” is to make a direct 
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comparison with the experimental data. The difference with the method described 
under (ii) escapes us. The difference could be that one can now select ones own 
data set. This has its advantages, but at the same time it makes almost 
impossible to compare the “e for the different potentials. Moreover, one has 

no feeling for the goodness of the fit, unless also a phase shift analysis is 


performed, and ae given. 


TABLE 1: 1G for some of the potentials. 
ey he P1(pp) 4 P1(np) Nnc! Nsct! 
Zune 
Xpn 4) 6.4 Regels 25 Sio7/ = = 
mec (ey : : ee 


x2(iii) p2!3: 2.0 (pp), 2.2 (mp); Al: 1.64 (np) 


In table 1 is given the ie for the different potentials. Important to note 
is that all entries, except P2 and A, are calculated with the MAW X-analysis. 
These latter potentials use more modern data and are so probably somewhat 
better especially for the np-data. 

In order to illustrate the dangers of the last method (iii) and also as an 
introduction to the next topic we would like to treat the article’? of J. Coté 
et al. about the analyzing power in pp-scattering at low energies. In this paper 
is claimed that "a direct comparison of theoretical predictions with data is 
more decisive then a comparison to phase shift analyses, ...". We would like 
to show that this is incorrect. In this paper the prediction of the Paris 
potential P2 is compared with the polarization data at 6.141 Mev2> , 10 mev2® , 
and 16 Mev?? ¢ (P2) for the Paris P2-potential and 


the number N of datapoints in each set. 


. In Table 2 is given the x 


WABILIE 725 ye of the polarization data. 
Z 228 
Er i REE) “min 
6.141 6 0.48 0.35 
10 7 (Beye i2 ya! 
16 9 14.5 2.6 


The Paris group calls the fit to the 6.141 MeV data excellent and the fit to 
the 16 MeV data very good. They come to the overall conclusion that the predic- 
tion of the Paris potential P2 is in good agreement with the experiments. 

When this paper was published we had just finished in Nijmegen a phase shift 


analysis¢° of the same data. In that analysis only the 3p_phases Ay and Ms 
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were searched for, the other phases were kept fixed at their best possible 
values. In Table 2 we give also the a for these data sets. One expects to 
find fate ~ N-2 with an error of the order V2N. It is clear that on for the 
6.141 MeV data is much too low, due to an unknown, but large, systematic error 
in this very difficult experiment. This makes these data unfortunately useless 
and they should be ie oo any proper dataset. A one standard deviation 


(sd) is obtained when y~ = Maine This shows that the Paris potential predic- 


tion at 10 MeV is (23.2 -5.4)2 sd = 4.2 sd off, and at 16 MeV is 

(14.6 2216)5 sd = 3.5 sd off. A comparison with a phase shift analysis shows 
thus that the agreement with the data is not good, in contradiction with the 
Paris conclusion. 

Quite important is to study: why the fit is not good, because in the same 
paper Coté et al. say: “These data are sensitive to the intermediate range of 
the NN-interaction, where the two-pion-exchange contribution is expected to 
play an important role". We fully agree with this statement. So what is going 
on? 


7. THE LONG AND INTERMEDIATE RANGE OF THE I = 1 TENSOR- AND SPIN-ORBIT 

POTENTIALS 

From the discussion at the end of section 6 it is clear that the low energy 
3p-phases Ay and Agg are not correctly predicted by the P2-potential. We will 
study this better. We replace the 6.141 MeV and 10 MeV data by recently meas- 
ured@” much more accurate data at 5.05 MeV and 9.85 MeV. In Table 3 is given 
the ve of single energy (se) and multi-energy (me) phase shift analyses, to- 
gether with the predictions of the Nijmegen soft core potential? and the 
Paris P2-potential!3, using only their Ay and Ago: 


TABLE 3: y° of polarization data. 


le N se me Nsc P2 
SOs 1 A5 Bo a6) i 
ai, NS) Wf 13 4] 140 


16 9 28 Bop 5.4 14.5 


To understand what is going on it is sufficient to look at the very accurate 
9.85 MeV data. These data show clearly that the Nsc potential is 5.3 sd off and 
the P2 potential 11 sd. Clearly both potentials are not good. 

The I = 1 tensorpotenttal can be studied with the help of the tensor combina- 
tion Ay of the 3p_phases, where 


= ae [-2.5 (Pp) + 3.6 (7P,) - 6 ( 


ee, ae 
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TABLE 4: A, at several energies. 


i B 
' 
pp np 
EB exp? Nsct! pais Nec! alt B? 
ee 
OS Oa OROZ 0.43 0.50 0.52 0/53 
9.85 0.94+0.01 0.98 LO Oy he 1 1.16 
16 os 0,05 Imes 17 7 1.84 1.87 


In Table 4 we give At for several of the potentials together with the value 
(me) obtained in a multi-energy phase shift analysis and with errors of single 
energy phase shift analyses. At 9.85 MeV we note that Nsc is off + 4 sd and P2 
is off + 7 sd. In order to be able to compare the Argonne and Bonn predictions 
with these pp data, we calculated with the Nsc potential also the tensor combi- 
nation when the Coulomb interaction was omitted. That value is listed under Nsc 
(np). We note that the Argonne and Bonn predictions for Ay are even worse. We 
come to the conclusion that: The long and intermediate range part of the I = 1 
tensor potential is too strong in all potential models considered. 


-200 
-300 


-400 


FIGURE 1 FIGURE 2 
The I = 1 tensor potential. The I = 1 spin-orbit potential. 


In Figure 1 we show the I = 1 tensor potential for the Nijmegen Nsc, the Paris 
P2, and the Argonne Vig potentials. The most important contributions to this 
tensor potential come from the exchange of the 7, p, and w mesons. Very likely 
is, that the 1 ?-coupling constant is much lower than generally assumed. 

The I = 1 sptn-orbtt potential can be studied with the help of the combina- 
tion 
[= 26(7P q 3p 


op) 7 38 C Py) + SOP od 
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In Table 5 we give the predictions of the several potentials and the values 
obtained in single energy (se) and multi-energy (me) phase shift analyses. 


ABE 5: Ago at several energies. 


pp i np 
Z [= se mes? Nsctl pols Nsctt aid B? 
5.05 0.06+0.02 0.07 0.05 0.06 0.04 0.04 
9.85 0.22+0.02 ) 52ul 0.14 (0), 5) On Out (0) 12 
16 0.31+0.14 0.43 Of 35 0.36 0.39 0.29 Oech 


A comparison shows that the Paris P2 and the Nijmegen Nsc potentials have 
essentially the same wrong prediction. The predictions of the Argonne and Bonn 
potentials are also similar, but even further of the mark. 

In Figure 2 we have made a plot of the Argonne, Nijmegen, and Paris spin- 
orbit potentials. Surprising is the fantastic agreement between the Paris P2 
and Nijmegen Nsc potential. We come here to the conclusion that: In all poten- 
tial models considered the tail of the I = 1 spin-orbit potential is much too 
weak. 

That this is not a small effect can be seen clearly at 9.85 MeV, where the Nsc 
and P2 potentials predict only 2/3 of the experimental Meo: An important feature 
of the spin-orbit potential is, that it does not have any one-pion-exchange 
contribution. The main contributions come from the broad e« and p mesons (21- 
exchange contribution) and the w-meson. Some or all of these contributions are 


obviously incorrect. 


8. CONCLUSIONS 

(1) The low energy data are really a goldmine for information about the long- 
and intermediate range NN-interaction (see also ref. 31). More data in this 
energy region are required. In order to determine the 1o-coupling constant from 
the cS data, more and accurate pp-cross sections are necessary in the i = | 
to 5 MeV range and also in the 10-30 MeV range. Good asymmetry A(®) or 
polarization P(98) data in pp scattering in the range from 12 to 30 MeV are 


3p_phases. 


useful for a better understanding of the 
(ii) It appears that we are getting a handle on the 1 -coupling constant. We 
believe, that 96/41 is probably more in the neighborhood of 13.5 than of 14.4. 
(iii) In the next generation of potentials it will be necessary to take care- 
fully account of the difference between pp and np. One must take account of the 
eee mass difference and one must try to include the charge independence 


breaking of the sN coupling constants. In order to be able to compare with the 
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very accurate experimental data it is essential that one uses relativistic 
kinematics. Moreover one must take account of the improved Coulomb potential 
and the vacuum polarization potential. For most of us this will mean, that we 
have to improve the computation accuracy of our programs quite a lot. 

(iv) A tip for fitting the parameters of any model. In the "s-wave one 
should fit the phase shift for pp at as = 382.54 keV. Including all possible 
electromagnetic corrections one should obtain here Sf = 14.608 + 0.001 °. 

(v) It would be nice to have a standard and accurate phase shift analysis, 
which could be used by all groups for comparison purposes. However, such an 
analysis should not assume at the outset charge independence. 

(vi) In the future a proper treatment of the NN-interaction will require a 
coupled channel approach, where one should include couplings to channels like 
nD, NA, AA, NN, etc. Some first steps in this direction have already been taken 
we However, we would like to warn, that this is probably hard to do correct- 
ly in a coordinate space formulation. The potentials are quite strongly momen- 
tum dependent. Because the A is unstable under strong interactions several 
problems pop up. There is no clear NA-threshold, only the NNn-threshold. The 
off-diagonal potentials coupling the NN-channel to the NA-channel do not have 
the form em es but have a form that looks more like sin mr/r. 

(vii) When one thinks of quark effects also couplings with colored channels 
should be included. 

(viii) It is clear that the presently available semi-phenomenological NN- 
potentials are far from perfect. A lot of work can and must still be done to 


improve them. 
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THE NUCLEON-ANTINUCLEON INTERACTION 


Carl B. DOVER 


Brookhaven National Laboratory, Upton, New York, USA 11973 


The current status of our understanding of the low energy nucleon- 
antinucleon (NN) interaction is reviewed. We compare several phenomeno- 


logical models which fit the available NN cross section data. The more 
realistic of these models employ an annihilation potential W(r) which is 
spin, isospin and energy dependent. The microscopic origins for these 
dependences are discussed in terms of quark rearrangement and annihilation 
processes. It is argued that the study of NN annihilation offers a power- 
ful means of studying quark dynamics at short distances. We also discuss 
how one may try to isolate coherent_meson exchange contributions to the 
medium and long range part of the NN potential. These pieces of the NN 
interaction are calculable via the G-parity transformation from a model for 
the NN potential; their effects are predicted to be seen in NN spin observ- 
ables, to be measured at LEAR. The possible existence of quasi-stable 
bound states or resonances of an N plus one or more nucleons is discussed, 
with emphasis on few-body systems. 


1. INTRODUCTION 

In contrast to the situation for the nucleon-nucleon (NN) system, relative- 
ly little high precision data is available for the NN system. This situation 
should change dramatically in the next few years, as the LEAR (Low-Energy- 
Antiproton Ring) facility comes on line at CERN. The present review may be 
considered as a “pre-LEAR perspective.” My object is to critically appraise 
the current theories of the low energy NN interaction, and point to some of 
the avenues of research which are likely to further enhance our understanding 
of the NN problem. 

Why is the NN system so interesting? There are numerous reasons, some of 
which are discussed here. One tantalizing possibility is that one may be able 
to exploit the intimate relation (via the G-parity transformation) between the 
longer range (nominally r > 0.8 - 1 fm, a typical “bag” radius) part of the NN 
potential and that for the NN system. Repulsive coherences in the NN spin- 
orbit forces due to meson exchange, for instance, become attractive coherences 
of NN tensor forces as a result of the G-parity transformation. The strong 
predicted spin and isospin dependence of the meson exchange (t-channel) part 
of the NN potential should show up more readily in a comparison of spin 
observables in channels with different isospin structure (pp + pp vs pp > mn, 


for instance) than in total cross sections. 
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The extraction of useful constraints on the NN interaction from a study of 
the "crossed" NN channel is hampered considerably by the presence of annihila- 
tion processes in the latter. Since the NN system has baryon number B = 0, it 
can dissolve into a spray of mesons (the mean multiplicity of pions is about 5 
at low energies), a mode of decay unavailable to the NN system with B = 2. 

For distances r < 1 fm or so, the annihilation mechanism dominates, and one 
can obtain very little information on the structure of the real potential. In 
any case, a meson exchange description breaks down inside of 1 fm, since in 
this region the “bags” containing the N and N overlap, and one probes the 
dynamics of internal quark degrees of freedom. The microscopic description of 
NN annihilation at the quark level is a problem of high importance; we review 
several attempts to formulate a quark rearrangement model to account for the 
observed NN branching ratios into various mesonic channels. In principle, 
detailed two meson interferometry studies should provide signatures of differ- 
ing quark mechanisms operating in NN annihilation. 

The NN system is an ideal entrance channel for accessing narrow “baryonium” 
states, if they exist. These could be either of “quasi-nuclear” type or 
(9707) composites. An abundant spectrum of such states is predicted theoreti- 
cally, but the estimates for their width are unreliable. Since the experimen- 
tal situation is murky, we do not enumerate the detailed properties of pre- 
dicted baryonium spectra here. We content ourselves with the remark that the 
“color chemistry" of multiquark systems (n > 4 quarks) is of fundamental 
interest in nuclear and particle physics, and that the NN channel offers the 
best window for studying the 6-0- sector. 

In addition to questions relating to the NN problem itself, we also consid- 
er how the characteristic signatures of the two-body problem (spin, isospin 
and energy dependences, ranges of real and imaginary potential, etc.) are 
transmitted to the many-body scenario. For instance, the marked spin depen- 
dence of the NN annihilation potential W(r) which occurs in several models 
leads to strong excitation of isoscalar spin-flip (AT=0, AS=l) modes of nuclei 
in N inelastic scattering. These are only weakly excited by the nucleon 
probe. We also investigate the possibility that relatively long-lived nuclear 
systems containing an N may exist. Certain few-body systems are the most 
likely candidates, since one may take maximum advantage of spin-isospin 
selectivity in the absorptive potential and the influence of the long-range 
one pion exchange potential in systems where the nuclear core is not 


spin-isospin saturated. 
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2. BRIEF REVIEW OF NN DATA 

The experimental situation in low energy NN physics has been recently 
reviewed by Tripp! and Smith*. The emphasis of these reviews is on the evi- 
dence (for and against) pertaining to the existence of narrow “baryonium"™ 
states in NN scattering. At the time of the Bressanone meeting!, earlier evi- 
dence for the S(1940) and other resonances in the NN system was placed in 
question by a spate of negative results. 

In the past year, the CERN-Heidelberg-Saclay group presented new results® 
on pp elastic scattering and annihilation. This experiment had better mass 
resolution (0.4 MeV) than earlier attempts (typically about 1.5 MeV). A dip- 
bump structure was seen near 1936 MeV, perhaps indicating the resurrection of 
the S meson. Other recent results, discussed by Smith’, do not indicate a 
narrow structure near the S, although high mass resolution may well be criti- 
cal. The S region could contain overlapping resonances (both potential and 
quark models give certain isospin or C-parity doublets, for instance), and 
high resolution studies at LEAR are necessary in order to clarify this very 
confused situation. 

Resonant structures have also been looked for in backward (8 = 180°) pp 
scattering. A priori, large angle scattering might appear to be quite promis-— 
ing for bump hunting, since cross sections are much smaller than in the for- 
ward direction, and a resonance might be expected to show up more readily. 
D'Andlau et al.’ found evidence for structure in the S region, but a later 
higher precision experiment of Alston-Garnjost et al.° found only a smooth 
cross section at 180° as a function of momentum. The main problem is that the 
180° Pp cross section attains a diffraction maximum around Ps 510 
MeV/c, i.e. just the position of the tentative S meson. Interest in the 180° 
data has recently been rekindled by the Nijmegen group’, who have performed an 
optical model fit’ to all the available NN data (elastic and charge exchange 
angular distributions, total cross sections, and polarization data). A result 
of this fit is a good theoretical description of the diffractive background at 
180°. When this background is subtracted from the data of Alston-Garnjost 
et abe? there is still evidence for a narrow structure at 1940 MeV. This 
structure can be accommodated in a coupled channel framework® if the NN chan- 
nel is coupled to a 9°97 “baryonium" channel. In ref. 6, this coupling is 
taken in the So, NN wave as an example, but the data are not sufficient to 
actually determine the quantum numbers of the proposed resonance. 

In addition to the S region, there has been recent evidence for an NN 
resonance at 2.02 GeV/c* in production experiments!°,!7, lam Tee (CS), 


an I = 1 state was observed in the reactions pp * Pfagt fim?n 1 and 
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jy) = Nee pnttm at 6 and 9 GeV/c. The mass spectra showing the 2.02 

Gev/c* peak are shown in Fig. 1. The structure at 2.02 Gev/c*, as well as one 
in the S region, was also seen by Bodenkamp et al.? in the YP + ppp photo- 
production reaction from 4.7 - 6.6 GeV, shown in Fig. 2. On the other hand, 
numerous attempts!” to produce these states via baryon-exchange mechanisms 
have led to negative results. The experimental situation for NN resonances 


thus remains unclear. 
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NN mass spectra from Azooz et all. NN mass spectrum in photoproduction, 


from Bodenkamp et al. 


There has been persistent evidence!!,!* for the emission of energetic y 

rays (E > 100 MeV) from pp atoms. These transitions lead to the population of 
narrow (IT < 20-30 MeV) NN levels at masses of about 1210, 1638, 1694 and 1771 
MeV, according to the group?! at CERN. The statistical significance of these 


lines is at the 30 level. In an experiment /? at the Brookhaven AGS, evidence 
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at about the 30 level was obtained for the 1771 MeV state, but the statistics 
were insufficient to confirm or deny the other levels seen by the CERN group. 
Numerous theoretical predictions exist for the spectrum of "“baryonium" 

states coupled to the NN channel. The quark model aspects have been reviewed 
in ref. (13), while considerations based on NN potential models are treated in 
refs. (14) and (15). In the quark model, composites of type 0°0* are coupled 
to the NN channel via the quark-antiquark annihilation mechanism depicted in 
Fig. 3(a). The spectrum of 979" states in the MIT bag model, as well as their 
relative couplings to NN, have been worked out by Jaffe!®, The spectrum of 
Q-6" bag states is shown in Fig. 4; the levels are grouped into trajectories 
A, B and C as defined by Jaffel®, Trajectory A is most strongly coupled to 
NN, followed by B and C. Several candidates for the levels seen in the y ray 
experiment are evident. One of the mechanisms for populating these levels by 
y or 7 emission is shown in fig. 3(b). The branching ratios for y emission to 
hake states (relative to annihilation) have been evaluated by Ader et ay 3 


The dominant mechanism was found to be y emission from a quark or antiquark 
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FIGURE 3 FIGURE 4 
Mechanism for direct NN coupling to tees of 979° states (labeled by 
Q°Q° bag states (~P_ model) is shown @ 12 in the MIT bag model, after 
ie (a); one of the processes for popu- aoe 5 


lating Q°Q° states via y or 7 emission 
is shown in (b). 
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line, followed by QQ annihilation into the vacuum, rather than that shown in 
Fig. 3(b). Branching ratios of the order of a few times 10-* were obtained in 
the quark model, about an order of magnitude smaller than the results!) from 
CERN. In the NN potential model!*, the channels of maximum attraction for 
each L correspond to the same quantum numbers as trajectory A in Fig. 4. The 
branching ratios for Y or 7 emission to NN quasi-bound states were evaluated 
in ref. (17) in the context of the potential model; agreement with the experi- 
mental values is obtained, in contrast to the evaluation in the quark model. 
The significance of this fact is not clear at this point. 

One of the first tasks at LEAR will be to confirm (or deny) the existence 
of narrow NN bound states or resonances. If narrow states indeed exist, 
detailed information on decay branching ratios would greatly facilitate quan- 
tum number assignments. If narrow states are not found, much interesting 
physics could still emerge from the spectroscopy of broad mesons coupling 
strongly to the NN channel. Firm evidence exists for broad structures in NN 
18 a 


total cross sections (T and U mesons) and high spin states in the pp + 7 


reaction. 


3. THE REAL (NON-ANNIHILATION) PART OF THE NN INTERACTION 

In the conventional picture of the NN interaction, the potential V is 
generated by meson exchange (t-channel). Such a picture is appropriate for 
the medium and long range parts of V. In phenomenological one boson exchange 
(OBE) models, for example ref. (19), contributions to V arise from exchanges 
of nonets of scalar, pseudoscalar and vector mesons. In the work of the 
Stony Brook~° and Paris’! groups, the o and p exchange contributions of the 
OBE approach are replaced by isoscalar and isovector two pion exchange 
contributions evaluated by dispersion relation techniques. In either 


NN 
quantum numbers of the various t-channel exchanges. If Gj is defined as the 


approach, a potential of the form V =—2 Lis arises, where i refers to the 
i 


G-parity of the exchanged meson i, then the corresponding part of the NN 


potential is just ve = ; ("4 V,; note that G = (-1)" for a system of pions. 


This is the "G-parity Ue Shee which leads to a very close connection 
between the t-channel NN and NN potentials, and fostered early hopes that an 
analysis of the NN observables would provide additional constraints on the 
meson exchange picture of the NN force. 

In practice, the usefulness of the G-parity transformation is limited to 
the medium and long range part of V. The short range part of the NN force is 
generally treated phenomenologically (by hard cores!? or other parametrized 


cutoffs?! , for instance), and it is not clear how to transform these 
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prescriptions into the NN sector. For r < 0.8 - 1 fm, the representation of V 
as a local meson exchange potential breaks down, since the quark bags making 
up the N and N start to overlap appreciably. The short range aspects of the 
NN and NN systems demand a description in terms of quark dynamics. In addi- 
tion, as we discuss in Sects. 4 and 5, the NN system, having baryon number B = 
0, easily annihilates into mesons (the NN absorption cross section is about 
twice that for elastic scattering at low energies). The annihilation mecha- 
nism has no counterpart in the low energy NN system (here pions are only 
appreciably produced above 400 MeV kinetic energy). Thus the NN phenomenology 
provides no guidance as to how to construct the effective NN annihilation 
potential V,,, + iW. The presence of strong absorption masks the sensitivi- 
ty of the NN observables to the short range real potential. Note also that 
the annihilation process (through dispersive corrections) generates a meal 
potential Vann as well as an imaginary part W. The magnitude of Vanp has 

not been reliably estimated theoretically; in principle, it could be compara- 
ble in size to the t-channel meson exchange potential at critical distances of 
order r = 1 fm, although it is intrinsically of shorter range. 

Is it possible to isolate the longer range effects of the t-channel meson 
exchange potential from an analysis of NN observables? So far this has not 
been accomplished, since the available NN data consist mostly of total cross 
sections (elastic, charge exchange and annihilation) and some angular distri- 
butions, which reflect mainly the strong absorption (geometric) aspects of the 
problem. Except for some crude data on pp elastic polarization, no spin 
observables have been measured. These spin quantities hold the key to seeing 
the characteristic effects of t-channel exchanges in NN, and hence establish- 
ing some connection to the NN problem. 

We now indicate that the coherences present in the NN potential provide 
signatures in the NN spin observables, even in the presence of strong absorp- 


tion. 


* of the NN system, and their 


Let us first review the coherence properties? 
effect on the observables. The most dramatic effect of coherence in the NN 
system is seen in the 2I+1, 25+] Ly oops phase shift. Here, the one 
pion exchange potential (OPEP), dominated by its tensor component, is strongly 
attractive. On the other hand, the short range spin-spin, spin-orbit and 
vector meson exchange forces are all coherently repulsive. The competition 
between strong long range attraction and coherent short range repulsion leads 
to a sign change in the 223. phase shift near 200 MeV. The same mechanism 
holds also for other triplet-odd NN waves with J = L- 1. Partial waves for 


which an attractive OPEP is balanced against non-coherent short range 


320c C.B. Dover | The Nucleon-Antinucleon Interaction 

repulsion do not display a zero of the phase shift; an example is the 135 
channel, where the phase remains close to the OPEP value and there is no 
zero. Deviations from OPEP predictions for peripheral NN partial waves are 
particularly interesting, since they register the coherent summed strength of 
01°02, LeS and vector exchange potentials. 

In passing from the NN to the NN system, the G-parity transformation leads 
to a dramatic change in the pattern of coherence. For NN, the central, tensor 
and quadratic spin-orbit forces are fully coherent and attractive for isospin 
I = 0 states with spin S = 1 and L= J+ 1. For fixed J, the channels of max- 


imum attraction are oe rae = 1354, Dd) = aS Rion etc. As mentioned 


earlier, these channels form a natural parity band with Ge = Qn, = ge 


> > 


etc., which share the same quantum numbers as the “leading trajectory” of O70" 
states in the bag model. 

The coherence of NN tensor forces for I = 0 is most readily seen in spin 
observables. Some sample predictions from ref. (22) are shown in Figs. 5 and 
6. In Fig. 5, we show an angular distribution for the pp elastic polarization 

P(8) at 130 MeV. If the 


spin-spin and spin-orbit parts 


0.25 ——————— 


by ac of the NN pot i 
PP—PP POLARIZATION poker tt eltaheca rare 


MODEL I 
130 Mev 


zero, P(8) remains essentially 
unchanged, while if tensor 
ae | forces are neglected, P(8) 
almost vanishes. In contrast 


to the NN system, where P(6) 


Eo arises predominantly from the 
& spin-orbit potential, the 
& polarization in NN is largely 
0.10;- an effect of the coherent 
tensor force from meson 
exchange. The quantitative 
0.05 aspects of P(8) (and other 


spin observables) are 


influenced, however, by a 


possible strong spin-spin and 


-1.0 -0.6 -0.2 0.2 0.6 Ke) tensor componenc in W(r), 
which can cloud the simple and 


FIGURE 5 elegant interpretation based 


Elastic pp polarization at 130 MeV, from On. cmes on \exchanse- oar ige eG, 


met.) (14). we display predictions!* for 
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At, which may be measurable 
in future experiments at 


LEAR. Fig. 6 shows that the 


0.2 11 T T ia cea aay Sa Gamal 
PP— pp 
130 MeV 


polarization transfer Ay is 


considerably enhanced if the 
coherent vector meson contri- 
bution is added to one pion 


MODEL I~ 


exchange. 

To summarize, a careful 
measurement of NN spin observ- 
ae ables could provide an impor- 
tant constraint on the summed 
strength of the 7, w and pe 


tensor potentials (and also 


-04 i L L i zt L 1 ! ! the coherent quadratic spin- 
=1.0 -0.6 -0.2 0.2 0.6 1.0 . 
cos @ orbit potentials). This 
FIGURE 6 information would be comple- 


Polarization transfer At at 130 MeV, 


rronicef.. C14), mentary to that obtained from 


a study of the spin dependence in NN scattering. 


4. GEOMETRIC AND PHENOMENOLOGICAL MODELS OF NN ANNIHILATION 

The G-parity transformation provides a means of obtaining the medium and 
long range parts of the NN meson exchange potential from a model for the NN 
interaction. This is only part of the story, since annihilation processes in 
NN are very strong. This is strikingly illustrated by considering the total 
pp elastic and annihilation cross sections of and o,, which can be 
represented? ° phenomenologically as 


28) + 17/P) 34 (mb) 


°F 
(1) 


le} 
A 


for Pjab in the range 0.5 - 2 GeV/c. We see that og is very large (far 


38 + 35/p (mb) 
lab 


exceeding the s-wave unitarity bound even at the lowest measured momenta) and 
that Op/ oy = 1/2 at low energies, unlike the result og = o, which one 
might expect in the most naive geometric limit. 
The qualitative features of og and o, can already be understood!* in 
the simplest sort of absorbing sphere model, based on the old continuum theory 


of nuclear reactions, as described by Blatt and Weisskopf~"*, for instance. In 
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this model, the annihilation potential W(r) is replaced by an incoming wave 


boundary condition at a strong absorption radius r = R: 
POCO Cove ial rer eG amie a 
R W r=R , 6 


Here, Vo is the depth of the real potential at r = R and M is the nucleon 
mass. In ref. (14), this model was used, with R = 1 fm, to fit Op and 

Ga. The model reproduces the monotone-decreasing cross sections rather 
well, in particular the ratio O,/Opy. The boundary condition model was 

one of the earliest approaches~° to understanding the size of NN cross sec- 
tions. A recent application is due to Myhrer and Dalkarov-°. 

Higher partial waves play an important role, even at very low momenta. The 
s-wave region, which lies below 150 - 200 MeV/c, has not yet been explored ex- 
perimentally; this is an important task for LEAR. The representation (1) of 
oq is reminiscent~* of the "1/v law", but in fact has nothing to do with 
s-wave dominance. The signal that we are getting into the s-wave region is 
that o, drops significantly below the value obtained by simply extrapolating 
Eq. (1) to low momentum. An interesting quantity is Boa, where 8 = v/c; as 
8 + 0, Bo, must approach a constant. From two recent optical models for 
fitting the NN cross section data, we find?’ 

J 28.21 + 0.1928 + 0.012887 (ref. 28) 
mA” \ 32.83 + 0.096E (ref. 29) 


where Bo, is in mb and E (lab kinetic energy) is in MeV. Eq. (3) holds for 


B (3) 


E < 10 MeV. The average threshold value is about (894) 9,6 = 30 mb. 

This value could change significantly if narrow bound s-states exist close to 
the NN threshold. These do not occur in refs. (28) and (29); there are 
instead deeply bound and very broad NN s-states in these models. 

The simple black disk or boundary condition models are sufficient for a 
semi-quantitative understanding of total cross sections, but provide no useful 
account of spin observables, isospin dependence, or large angle elastic or 
charge exchange scattering. For these quantities, which contain most of the 
interesting physics, the full optical model treatment is necessary. 

An early optical model fit to the NN data was carried out by Bryan and 
Phillips?°. They used an OBE model for the t-channel meson exchange poten- 
tial, and a local Woods-Saxon form 


Veer ye AWC) o=e= (Ve Wa) (ie exp ((£-R)/a) ) (4) 


for the complex annihilation potential. They used Vo = 0, Wo = 62 GeV, 
R = 0 and a = 1/6 fm. This type of analysis was later redone by Dover and 
Richard?®, who used the Paris potential! for the t-channel part, and also 


included a real annihilation potential. They fit the high precision pp + fin 
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charge exchange data?! which had become available. A family of annihilation 
potentials was found which fit the data (Model I with Vg = 21 GeV, Wo = 20 
GeV, R= 0, a = 1/5 fm and Model II with Vo = Wo = 500 MeV, R = 0.8 fm, 
a = 1/5 fm are two examples; see Fig. 6). This family has the characteristic 
that the absorptive parts are comparable at around | fm. The enormous values 
(many GeV) attained by the annihilation potential at short distances are of no 
physical significance. The cross sections are insensitive to the potentials 
in this region, as long as absorption is sufficiently strong. A similar situ- 
ation prevails in heavy ion reactions. 

After the analysis of Dover and Richard*® appeared, pp backward (8 = 174°) 
elastic scattering was measured with high precision by Alston-Garnjost 
et al°. Although ref. (28) was consistent with the earlier crude elastic data 
at backward angles, it now considerably underestimated the cross section. It 
proved impossible to remedy this situation by further variations of an annihi- 
lation potential of the type (4). The Paris group-? reanalyzed the NN data, 
including all differential cross section and polarization information, using a 
more flexible phenomenological form 

W(r) = {g. +g) gel + f..8) 5) 8, 

(5) 


The coefficients g., gss, 2T, SLs are adjusted separately for isospins 

I = 0, 1. The radial dependence is given in terms of the modified Bessel 
function Ky of range 1/2m ~ 0.1 fm (held fixed), which reduces to a Yukawa 
form for large r. The form (5) is rather general, incorporating arbitrary 
spin, isospin and energy (E) dependence, as well as L and J dependence through 
the spin-orbit (L*S) and tensor (S,2) terms. No real annihilation potential 
was considered, and an updated version’* of the Paris potential was used for 
the t-channel exchange part. Further free parameters~° are required to speci- 
fy the short range cutoff. 

A sample of the good fits to the NN data obtained by the Paris group is 
shown in Fig. 7. Since numerous free parameters are involved in these fits, 
it is clear that they cannot all be uniquely determined from the limited 
data. In particular, since the only spin observable that has been measured 
(crudely) is P(8), see Fig. 7, it is difficult to disentangle the effects of 
01°02, L*S and Sj terms. Nevertheless, some interesting conclusions can be 
Aeon ron this analysis. Firstly, the spin and isospin dependence of W(r) in 


ref. (29) is very strong. For s-waves, the values of WIS stand in the ratio 
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From Eq. (6), we see that W is an order of magnitude or so more absorptive in 


i] 


S = 0 than in S = 1 channels, whereas the isospin dependence is significant 

but not as strong as the spin dependence. Further, we note that W is strongly 

energy dependent. For instance, as E changes from 100 to 200 MeV, woo 

increases by a factor 1.6. The strong spin dependence of W(r) has a dramatic 

consequence in N inelastic scattering on nuclei??;: isoscalar, spin-flip 
(AS=1) modes of nuclei, which 
are excited only very weakly 
in nucleon inelastic 


scattering, become very 


6, (mb rominent in the N inelastic 
ptm) ---- P Allen et al. (6=755+ 49.2/R,) . 


a, R.P Hamilton ek ol. (6264.451.4/A, ) 


250 


response function. 

Very recently, the 
Nijmegen group has presented a 
coupled mode1®,’ for NN 
scattering. They solve the 
relativistic coupled channels 
Schrodinger equation (includ- 
ing the n-p mass difference 


and Coulomb effects) with a 


100 150 
potential matrix of the form 
101 P(8) (Tigh = 220 MeV) + Ohsugi et al. (1975) / ve Va 
~~ Bryan and Phillips v= i (7) 
----Dover and Richard ye 


Here V y VnuctY phtVcoul is the 


diagonal NN potential, V is 


nuc 


the t-channel meson exchange 
‘ 2 a, the potential (taken as the G- 

30 60 “90. 
aoe 120 150 180 (deg) parity transformed Model D 


potential of ref. (19)), V 
@ 


oul 
FIGURE 7 is the Coulomb potential and 
Optical model fits to pp total cross section Vph is a phenomenological 
and elastic polarization, from the Paris 
group- ; energy independent real 


potential of the form 
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Pe eS TS Veg oye) VeSi 5 So 


Za 
Tee 
e 
a (8) 
x (1 + exp(m_r) ) 
with a range 1/mg = 0.31 fm. 
The potential Va, which couples the NN system to a set {i} of effective 
two-body annihilation channels, is chosen to be 
ie Il ; =1 
Vs ze5) = VW(i,r) (1 + exp(m_r) } 4 (9) 


dependent on isospin, but not on L, S or J. The range of Va is 1/mg * 

0.46 fm. For each isospin, two annihilation channels were introduced (i = 
1,2); the effective particles in these channels are taken to be spinless and 
of equal mass (2M; = 1700 MeV and 2M, = 420 MeV). No interaction between 
these effective particles is included. All the absorptive in NN are simulated 
by the coupled annihilation chennels, so no explicit imaginary potential is 
introduced. 

The quality of the Nijmegen fit’ is illustrated for the polarization in 
Fig. 8. The Nijmegen model has a somewhat better oe GB Sevsin2 soe pers point), 
than the Paris model. Again, the requirement of fitting the pp backward elas- 

tic data is very constraining. 


Spin orbit and tensor terms (in W(r) 


or Vph) play an important role in 
t obtaining a good fit to the 180° 
data. 

By comparing the predicted 
polarizations (at almost the same 


energy) in Figs. 7 and 8, one sees 


all that although the Paris and 
Nijmegen models agree reasonably 
well in the angular region where 
data exist, they differ strongly in 


their predictions for P(8) near 6 *& 


90°. The Nijmegen model leads to 


Sage large negative values of P(§) here 


(as large as = -0.7), while P(9) 


FICURE 8 remains positive at all angles for 


- E * 220 MeV. The situation i 
Fit to the elastic pp polarization Mt pe 


at 230 MeV, from the Nijmegen similar for other spin observables, 


group . but much less dramatic for total 
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cross sections. The measurement of spin quantities at LEAR will be crucial in 
choosing between various theoretical models. 

The importance of NN spin measurements is also emphasized by a qualitative 
comparison of the spin and isospin dependence of the Nijmegen and Paris 


models. At any r and E, the potentials ve of Eq. (8) for s-states are in 


the ratio 
00 10 01 ili 
ane as phe les 
Comparing to Eq. (6), we see that Vph displays a strong isospin dependence 


= 1:0.05:0.88:0.28 (10) 


and a weaker spin dependence, the reverse of the situation for W in the Paris 
model. The off-diagonal elements Va, which may be more directly comparable 

to W, are moderately isospin dependent but are taken to be independent of S, 
opposite to the trend displayed by W in ref. (29). It is clear that the pre- 
sent NN data are insufficient to settle the fascinating question of the degree 
of spin and isospin dependence of NN annihilation processes. Quantitative 
guidance from the quark/gluon picture is needed. Various other phenomenologi- 
cal models have been applied to the NN system, although no fits as detailed as 
those of the Paris and Nijmegen groups have been done. We mention separable 
potential-° models, which have some motivation in the context of quark re- 

34 


arrangement models. These topics are treated more extensively in the review 


of A. M. Green. 


5. MICROSCOPIC MODELS OF NN ANNIHILATION 

In Chap. 4, we discussed a variety of phenomelogical models for NN annihi- 
lation. We now turn to a class of models motivated by quantum chromodynamics 
(QCD), in which annihilation is described in terms of confined quarks (Q) and 
gluons (g), either through QQ annihilation into g, or quark rearrangement 
processes. In principle, NN annihilation should be a good test of quark/gluon 
dynamics at short distances. Our goal is to try to establish the connection 
between the microscopic and phenomenological forms of the annihilation 
potential. Aside from the geometrical aspects of the problem, which involve 
convolutions of bag model wave functions for quarks, we also study the spin, 
isospin and energy dependence predicted by various microscopic models. It is 
really these features which enable us to differentiate between models, since 
the geometrical aspects (effective size of the absorptive region) of the 
problem are common to all approaches. 

The simplest QCD motivated approach to NN annihilation is due to the 
Seattle group’, who consider quark-antiquark annihilation into one gluon. 


The process QQ > g can only occur in the overlap volume of the bags confining 


C.B. Dover / The Nucleon-Antinucleon Interaction 327¢ 


the quarks. The gluon is treated as a plane wave, and the bags are assumed to 
remain spherical as they overlap. The final state 0°0*g is considered as a 
“doorway state” leading to many complex reaction channels. It is assumed that 
this 070% configuration never finds its way back into the elastic channel 
(the familiar “never come back" approximation in nuclear physics, valid when 
the number of compound nuclear levels is large). Thus one can simply sum over 
final 970g states in order to obtain a model for W, without worrying how this 
configuration hadronizes into a final state containing color singlet mesons. 
In ref. (35), the spatial wave function of the quarks was taken from the 
MIT bag model. A similar calculation using oscillator wave functions is given 


35 NN absorptive potential W(r) contains central, 


in ref. (36). The resulting 
spin-spin and tensor components, each of which has the form 
* 
We Go)P = Cae/R) £7 .(r/R) 
i S z 
(a) 


ae 


£, (r/R) aa [2-(r/R) |Pt* ‘Behe te << 28 


n=0 
where as is an effective QCD coupling constant, and R is the bag radius. 
For r > 2R, W(r) vanishes, since the spherical bags do not overlap. 
The explicit spin-isospin dependence of the non-tensor part of W(r) is 
given’© by the factor 


Wied (243 4°90 <9 = 27-t et. - 25 6 eos 1 12) (12) 
-N -N “NN “N ~N -N “N 


This can be used to give the ratios wis: 


wee: wld. wou: wee = (sits) S OAs 2 slog Wath (13) 
valid at all r and E. 
Comparing with the result (6) for the phenomenological fit of the Paris 
group”, we see that the one gluon model is qualitatively different: for 
instance, WOO is now the weakest rather than the strongest component. 

The one gluon model was applied?” to total and integrated elastic and 


charge exchange cross sections, with good fits being obtained with 

a lO, 12 2 ORS) iin» (14) 
although a reasonable description of the data may be obtained in the whole 
range 0.6 < R< 1.1 fm. These results yield a bag radius somewhat smaller 
than the original MIT model?’ 

The one gluon model of annihilation has geometrical features very similar 
to that of the other models we have discussed, as shown in Fig. 9. The solid 
curves meet in the region r * 0.7 - 0.8 fm, which appears to define an 
effective NN strong absorption radius. It is clear that the behavior of W(r) 
for r < 0.5 fm is largely irrelevant; the data clearly do not constrain the 
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FIGURE 9 


A comparison?” 


of Be pp absorptive potentials 
(solid lines) for the models of Dover-Richard 
(W.-S.), the Paris group-”, and_the Seattle 
group... For the latter, the QQ + g model (FHW) 
and a purely geometric model (Geom.) are shown. 
The dashed lines show the region of absorption 
(right-hand scale) for the atom ls wave function. 


radial shape of W(r) in 
this region. Note that the 
effective radius for the 
Paris analysis~*” is much 
the same as that for other 
models, although the radius 
parameter appearing in Eq. 
(yy ats cormily, (lal ram ibm 
speaking of the “range” of 
the annihilation potential, 
the physically meaningful 
quantity is the effective 
range, which depends on 
both the well depth and the 
range parameter describing 
the radial shape. 

Although the one gluon 
model can be arranged to 
give the correct NN geo- 
metrical properties by 
varying R and on it has 
a number of faults, and is 
clearly not an adequate 
representation of the 
physics of NN annihilation. 


It is necessary to crank up 


x 
aco to large values in order to get the correct magnitude for the cross 


sections. The resulting value (Eq. (14)) is an order of magnitude larger than 
* 


the perturbative) value ace =) T—25 


Thus ag can only be considered as an 


effective coupling constant which simulates the summed influence of many 


higher order processes. Although higher order terms probably do not 


qualitatively alter the radial shape of W(r), there is no reason to suspect 


that the particular spin-isospin structure (12) obtained from the one gluon 


process is preserved in higher order. 


In fact, ome expects the spin 


dependence to be considerably altered by multigluon and quark rearrangement 


graphs. A hint that the one gluon analysis provides the wrong spin-isospin 


mixture is seen in its very poor fits to the backward elastic data, which are 


sensitive to spin effects. 


The polarization data, which might also be 
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illuminating, were not included®? in the analysis. The one gluon model, 
through its neglect of any threshold effects relating to mesonic channels, 
yields an energy independent W(r). Any sensible microscopic model which takes 
account of specific channels will yield an energy dependence in the corre- 
sponding one channel approximation. In the Paris model? , the fits are 
considerably improved by the energy dependence of W(r). 

We now turn to a consideration of quark rearrangement models. In these 
approaches, the final state is automatically “hadronized" into physical 
mesons, so detailed comparisons with NN branching ratios into particular 
mesonic channels become feasible, as well as the description of total cross 
sections--possible already with far cruder models. This class of models has 
been reviewed by Green’", so we will be brief. 

Recent efforts by Maruyama and Ueda*® have focused on the quark rearrange- 
ment diagram shown in Fig 10. This mechanism produces three meson states 
composed of 7, n, W and p mesons. Vector meson decay then leads to the 
correct pion multiplicity in the final state. The probability P for an NN 


system in channel es to annihilate into mesons a, 8, Y is taken to be 


P(L,S,4,8,Y) = b(T,S)C(T,S, 4,8, Y)8 8 .8., WACO, 18,40) G5) 


where C(1,S,a,8,Y) is an 
SU(6) overlap factor, 


M N N Zq is the qq coupling 
M, 2 Y 3 strength to meson a 
\ | / (found to be approxi- 
s 4 i mately proportional to 
| 


the mass mg), V is the 
M, phase space factor 
(which generates an 
energy dependence), and 
b(I,S) takes account of 


initial state distortion 


Fabs 
Zi 


effects. Eq. (15) was 


2e0 nd ays 


used?® to fit the 


branching ratios for NN 


FIGURE 10 annihilation into three 
A quark rearrangement graph leading to a three morons smear coed ai ceets 
meson intermediate state is shown on the right. 
An annihilation graph involving the A resonance obtained with seven free 


is shown on the left (from ref. (34)). patametcre wl! Pein 
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Eq. (15) is summed over a, 8, a, and identified with the absorptive strength 


wis | we obtain 


eee ta: Sg nyse ti: se STAG 4a 2086 (16) 


9 


Comparing with Eq. (6), we see that w00 is largest, as in the fit*? to the 


NN scattering data, but the spin dependence is not as dramatic. 

Through the phase space factor V, the effective W becomes quite energy de- 
pendent in the quark rearrangement model. Some channels involving vector 
mesons (otp-n®, etp-n, wotp-, for instance) have very large SU(6) strengths C, 
but do not contribute much near E = O due to their large mass. As E 
increases, these modes become dominant. 

The quark rearrangement model has recently been refined by Green and his 
collaborators*?>*”, in the form of a system of coupled equations for NN 
elastic and annihilation channels. The transition potential for NN > M\MoM3 
is non-local (and separable, if oscillator wave functions are used to calcu- 
late overlaps). In Eq. (39), a local approximation was applied to the 
equivalent one channel annihilation potential 

Is 4 


IS Br 
VilG) Wa Ge =—te InGESS ED) (17) 
ann 


The function I is rapidly increasing with energy; thus it is possible in prin- 
ciple to have some relatively narrow NN bound states (E < 0), while retaining 
very strong absorption at higher energies. If A is adjusted phenomenologi- 
cally, the NN data, including the backward elastic points, can be fitted 

well. It will be interesting to see whether or not the 180° fit can be repro- 
duced when the full non-local coupled equations are solved. In ref. (40), the 
quark rearrangement model is generalized to include NA + NA and AA intermedi- 
ate states. The spin-isospin dependence of I (IS,E) is rather similar to Eq. 


CO), thee WM eae strongest and wi! as weakest at E = 0, and Wo 


generally 
remains the largest for E > 0. This is qualitatively similar to the Paris 
result*” of Eq. (6), except that the total spread in WIS values is only a 
factor of 2-3, rather than an order of magnitude or more. 

A problem with these models is that the overall strength cannot be reliably 
calculated (a rough estimate is given in ref. (40)). Thus, as with the one 
gluon model (where tg * 5-10 ag), there is the danger that the effect of 
higher order corrections and other mechanisms is being simulated by varying 
the overall strength of the annihilation potential, and that one is in fact 
not testing the validity of the mechanism at hand. A key point is the spin- 
isospin dependence of W: different mechanisms at the quark level lead to 


quite distinct predictions for ws, Presently, the data are not sufficient 
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to obtain a sharp distinction between competing models: the measurement of 
spin observables in different isospin channels (pp > pp, nn and np + np) is 


erucial to further progress. 


6. THE N AS A PROBE OF THE NUCLEUS 

We mention briefly a few possibilities: i) N inelastic scattering, ii) 
quasi-stable few-body systems, iii) production of hypernuclei with N's. 

The strong spin and isospin dependence of the N absorptive potential wlS 
should show up as a characteristic selectivity in N inelastic scattering from 
nuclei. For instance, using the Paris model*”, it has been predicted’! that 
the isoscalar, spin flip (AT=0, AS=1) modes of nuclei are strongly excited 
with N's. In a model where W is spin-isospin independent, these modes are 
only weakly excited, as is the case for nucleon inelastic scattering. 

Another consequence of the spin-isospin dependence of W is that some 
relatively long-lived few-body systems containing an N may exist. For 
instance, if one believes that the two-body NN absorption is smallest for 
t=s-=1 (w!? in Eq. (6)), then one can try to exploit this selectivity by 
preparing the spin-isospin environment of an N in a nucleus so as to emphasize 


this channel. The prototype reaction would involve a deuteron: 


p+ (d) ~p+t (pn)o is a> (18) 


S=1,2=0 
for instance °Li(B,p)oH, where SH has the cluster structure [o@ On) eerer lie: 
If an N is attached to a core which is not spin-isospin saturated, the long 
range pion exchange term contributes to the Hartree field. In few-body 
systems, this effect will be relatively more important. The N wave function 
would be localized in this region of long-range attraction, and the resulting 
nucleus might be relatively long-lived. For instance, one could ask whether 
the addition of a p stabilizes the di-neutron: the relevant reaction would be 
“HG ,p) (Ban) 1 /2+ 1=3/2- 

The coherent tensor forces which operate in the NN system also crop up in 
the pp > AA reaction. Here the coherence is due to (K,K*) rather than (1,p) 
exchanges. The observed pp + AA amplitudes display a marked spin dependence; 


ne that 


large A and A polarizations are seen. This leads to the possibility 
the (p, A) reaction on nuclear targets may be used to directly populate 
unnatural parity states of A hypernuclei, for example the 2” member of the 
ground state doublet in ae These are not seen in the (K-,m ) reaction, 
since spin-flip is absent at 0°, and small at non-zero angles. Via the (p, Ay) 
reaction, one could observe the Ml y rays connecting A hypernuclear doublets, 


and thus obtain a handle on the spin dependence of the AN interaction. Note 


332¢ C.B. Dover / The Nucleon-Antinucleon Interaction 


that A-nuclei could be formed in the (p,A) reaction, but the cross sections at 
0° are predicted ** to be about 3 orders of magnitude smaller than for (p, A) 
and the A states are mostly rather broad. 

The field of N-nuclear interactions is a potentially fascinating one, and 


almost totally unexplored. We will have to leave it for a future talk. 


ACKNOWLEDGEMENT 

The author was supported by the U.S. Department of Energy under contract 
DE-ACO2-76CHO0016. Discussions with A. Gal, M. E. Sainio and R. Vinh Mau are 
gratefully acknowledged. 


REFERENCES 


1) R. D. Tripp, Proc. Fifth European Symposium on Nucleon-Antinucleon 
Interactions, Bressanone, Italy, June 1980. 


2) G. A. Smith, Proc. Seventh Int. Conf. on Experimental Meson Spectroscopy, 
Brookhaven National Laboratory, Upton, New York, April, 1983. 


3) C. Amsler et al., preprint CERN-EP/82-93, June, 1982. 
‘a Che» DVAndausetralenns Phys eahett.s5oBN G97 5) m22a\. 
5) M. Alston-Garnjost et al., Phys. Rev. Lett. 43 (1979) 1901. 


6) P. H. Timmers, W. A. van der Sanden, and J. J. de Swart, Nijmegen preprint 
THEF-NYM-83.07. 


7) P. H. Timmers, W. A. van der Sanden, and J. J. de Swart, Nijmegen preprint 
THEF-NYM-83.06. 


S) eH aPAZoOOzmetual sn Phys elhett. l22B 983) 47nlee 
9) J. Bodenkamp et al., Phys. Lett. B (to appear). 

10) B. Barnett et al., Phys. Rev. D27 (1983) 493; J. Bensinger et al., 
Brookhaven preprint BNL-32091 (1982); Z. Ajaltouni et al., Nucl. Phys. 
B209) G982) "3015 A. DoJ. Banks) eb all. w Physce Lette 1OORNCLoe) a Lol- Semis 
Chung et al., Phys. Rev. Lett. 45 (1980) 1611. 

11) B. Richter et al., Phys. Lett. 126B (1983) 284. 

12) see the detailed discussion of the y ray data by G. A. Smith in ref. 2. 


13) L. Montanet, G. C. Rossi and G. Veneziano, Phys. Rep. 63 (1980) 149. 


14) W. W. Buck, C. B. Dover and J. M. Richard, Ann. Phys. (N.Y.) 121 (1979) 
47; C. B. Dover and J. M. Richard, Ann. Phys. (N.Y.) 121 (1979) 70. 


15)". Se Shapiro.) Phys. Reps Goocl 978) 129.5 


16) R. L. Jaffe, Phys. Rey. Di7 (1978) 445. 


C.B. Dover | The Nucleon-Antinucleon Interaction SoC 
17) C. B. Dover, J. M. Richard and M. C. Zabek, Ann. Phys. (N.Y.) 130 (1980) 
HO}. 


18) E. Eisenhandler et al., Nucl. Phys. Bl13 (1976) 1; A. A. Garter et al., 
NuctmPhvs. Bl27 (CLO77)» 202) 


19) M. Nagels, T. Rijken and J. J. de Swart, Phys. Rev. D12 (1975) 744. 

20) A. D. Jackson, D. 0. Riska and B. Verwest, Nucl. Phys. A249 (1975) 397. 

21) M. Lacombe et al., Phys. Rev. D12 (1975) 1495. 

22) C. B. Dover and J. M. Richard, Phys. Rev. C25 (1982) 1952. 

23) T. E. Kalogeropoulos, in Proceedings of the IVth International 
Experimental Meson Spectroscopy Conference, Northeastern University, 


Boston, 1974. 


24) J. M. Blatt and V. F. Weiskopf, Theoretical Nuclear Physics (Wiley, 
New York, 1952). 


25) J. S. Ball and G. F. Chew, Phys. Rev. 109 (1958) 1385. 

26) O. D. Dalkarov and F. Myhrer, Nuovo Cimento A40 (1977) 152; W. B. 
Kaufmann, Phys. Rev. C19 (1979) 440; A. Delville, P. Jasselette and 
J. Vandermeulen, Am. J. Phys. 46 (1978) 907. 

27) C. B. Dover and M. E. Sainio, unpublished calculations. 

28) C. B. Dover and J. M. Richard, Phys. Rev. C21 (1980) 1466. 

2S) mpaGoteret alle Phys. Reva Lett .45 161982). 1319). 

BORA Bryanwand ReJ.Neerhilldipss Nucl. Phys.) Bom Cl968)— 201. 

31) R. P. Hamilton et al., Phys. Rev. Lett. 44 (1980) 1179. 

32) M. Lacombe et al., Phys. Rev. C21 (1980) 861. 

33) F. Myhrer and A. W. Thomas, Phys. Lett. 64B (1976) 59; A. M. Green, 
W. Stepien-Rudzka and S. Wycech, Nucl. Phys. A399 (1983) 307; A. M. Green 
and S. Wycech, Nucl. Phys. A377 (1982) 441. 

34) A. M. Green, lectures at the International Summer School on the 
Nucleon-Nucleon Interaction and Nuclear Many-Body Problems, Jilin 


University, Changchun, China, July, 1983 (Helsinki preprint HU-TFT-83-17). 


35) R. A. Freedman, W.Y.P. Hwang and L. Wilets, Phys. Rev. D23 (1981) 1103; 
Mean Allbere set alla.) Phys. Revie D2/1(1983) 5367 


36) A. Faessler, G. Lubeck and K. Shimizu, University of Tubingen preprint 
C982) 


37) A. Chodos et al., Phys. Rev. DIO (1974) 2599; T. DeGrand et al., Phys. 
Rev. D12 (1975) 2060. 


38) M. Maruyama and T. Ueda, Nucl. Phys. A364 (1981) 297 and Osaka University 
preprint QUAM 82-12-1 (1982). 


334c C.B. Dover | The Nucleon-Antinucleon Interaction 


39) A. M. Green, J. A. Niskanen and J. M. Richard, Phys. Lett. 121B (1983) 
101. 


40) A. M. Green and J. A. Niskanen, Helsinki preprint HU-TFT-83-27 (June, 
1983). 


41) C. B. Dover, M. E. Sainio and G. E. Walker, Phys. Rev. C (submitted). 


42) C. B. Dover, A. Gal and M. E. Sainio, in preparation. 


Nuclear Physics A416 (1984) 335c-344c 385¢ 
North-Holland, Amsterdam 


TWO NUCLEON PROBLEMS 


Peter U. SAUER 


Institute for Theoretical Physics, University Hannover, Hannover, Germany 


The discussion session on "Two-Nucleon Problems" is summarized. New experi- 
mental data on the two-nucleon system below and above pion threshold and 
force models for their theoretical description are reviewed. 


1. DEFINITION OF TWO NUCLEON PROBLEMS 

Experimentally, the two-nucleon (NN) system is still being very actively 
studied below and above pion (1) threshold. The relevant inelastic channels at 
intermediate energies are those with a single pion, i.e., pion-deuteron (nd) 
and mNN. Single-baryon resonances of pion-nucleon scattering clearly operate 
as reaction mechanism in the inelastic channels. However, the nucleon is also 
a composite system with quark-gluon substructure determined by quantum chromo- 
dynamics (QCD), and QCD has ample room for dibaryon resonances of quark-gluon 
nature as an additional reaction mechanism. Thus, the two-nucleon system to 
be discussed is a system of coupled channels with composite clusters. On the 
theoretical side, two interacting nucleons still form the basic building block 
for any microscopic theory of nuclear phenomena. This is why the two-nucleon 


problem is fundamental for nuclear physics. 


2. EXPERIMENTAL DATA 

The new experimental data come mostly from spin experiments. Below pion 
threshold the proton-proton phase shifts are well established, the neutron- 
proton phase shifts still need improvement. Spin correlation experiments | are 
designed at energies below 50 MeV in order to determine - more independently - 
the °s, - °p, 
'p, phase shift 6. These phase shift parameters have been highly corre- 
lated in previous data. The sensitivity of the spin correlation Avy on ey and 


on s('P,) is given in fig. 1. The bulk of the newly presented data refer to 


mixing parameter Ey> characteristic for the tensor force, and the 


Spin observables in the coupled NN-1d system. The experiments are part of the 
search for dibaryon resonances. They are difficult to perform. In elastic md 
scattering the data of the vector analyzing power ity, shown in fig. 2 has 
been improved. The oscillatory behavior of the data in early measurements has 


now disappeared. The controversy on the corresponding tensor analyzing power?" 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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FIGURE 1 


Sensitivity of the spin correlation parameter Ay, at 25 MeV to variations of 
the mixing parameter €1 and of the 1p, phase shift from ref. 1. Starting 
values are taken from the Paris potential. Left: é, = 1.69 varied by + 0.50, 
right: 6(1P,)= -7.0° varied by + 2.0°. 
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FIGURE 2 


Example of data on the vector analyzing power it,, in elastic md scattering 
from ref. 2. The data refer to 256 MeV pion energy. The scarce older data 
(left) have been substantially improved (right). 
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Angular distribution of the tensor analyzing power t Q in elastic nd 
scattering. The data at 134 MeV pion energy horreiest taken from ref. 3 show 
a rapid variation and are in conflict with those of ref. 4 (squares) re- 
ferring to 142 MeV pion energy. 


tog Oh Wille so) Glue oe 140 MeV pion energy still remains. Pion production and 
absorption experiments” pp<—nd supplement the existing information on the 
two-nucleon system above pion threshold in an important way. 

Do experimental data prove the existence of a resonance in the coupled 
NN-7NN system? The use of standard techniques for establishing a resonance in 
a model-independent way, i.e., the search for peaks in cross sections’. the 
looping of scattering amplitudes in Argand plots’, the factorization of re- 
sonance residues”, has so far been inconclusive. 


3. THE SEARCH FOR THE RELEVANT DEGREES OF FREEDOM IN THE TWO-NUCLEON SYSTEM 

The theoretical discussion on two-nucleon problems centred around two 

questions: 

(1) Is the two-nucleon attraction at intermediate ranges to be understood 
in terms of meson exchanges or in terms of quark sharing between 
nucleonic clusters? 

(2) What is the status of force models which treat the coupled NN-7NN 
system in a unified manner and which are based on the conventional 
nucleonic, isobaric and pionic degrees of freedom? Is their present 
failure in accounting for data evidence for dibaryon resonances of 


quark-gluon nature? 
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3.1. Intermediate range attraction of the two-nucleon interaction 

The quark-gluon substructure of the composite nucleon is essential for the 
interaction when two nucleonic clusters overlap. At large separations meson 
exchange dominates the interaction. The small-distance phenomenology of the 
old meson theory is now to be replaced by a quark-gluon description?? 2. A 
full QCD description of the two-nucleon interaction should yield the long- 
range meson exchange. There may be no conflict between these two descriptions. 
Duality suggests the equivalence! ! between all t-channel exchanges of one- and 
many-boson type and all s-channel poles realized by quark-gluon states. The 
dividing line in configuration space between the two seemingly different 
descriptions may only be a matter of convenience. 

In practical terms, the meson-exchange picture of the two-nucleon force has 


-14 


been highly successful /@ in accounting for experimental data. It interprets 


the intermediate-range attraction as an effect of two-pion exchange. In con- 
trast, nonrelativistic quark models with many-body confinement potentials 2? ©, 
i.e., without the unphysical long-range van-der-Waals force, also yield inter- 
mediate-range attraction as an effect of quark sharing between nucleonic 
clusters in the same way as atoms share electrons in molecular binding. An 
example taken from ref. 16 is given in fig. 4. These quark models are con- 
ceptually important, but at present are still qualitative. They are not yet 
able to compete with meson-exchange models for quantitative success. 

3.2. Unified force model for the coupled NN-1NN system 

The standard force model designed to describe the two-nucleon system below 
and above pion threshold incorporates, besides the nucleonic degrees of 
freedom, pions in a one-pion approximation and important single-baryon reso- 
nances. E.g., the Hilbert space may consist as in fig. 5 of a nucleonic part 
and of sectors, in which one pion is added or in which a single nucleon is 
turned into a A-isobar or a Roper-resonance R. Pions are created by vertices 
with baryons. The baryons are still bare ones. They have to be dressed for the 
pionic degree of freedom in order to become the physical nucleon, P33 and Roper 
resonances. The pion-nucleon interactions unaccounted for by isobars and the 
two-baryon interactions unaccounted for by the pion are added as unretarded 
two-body potentials which may be based either on heavy-meson exchange |2°9 or 
on a quark-gluon phenomenology” |. The model respects three-particle unitarity. 
It is not microscopic in a fundamental sense, but it attempts a consistent 
description of a range of phenomena. 
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Effective potential between two nucleonic three-quark clusters taken from ref. 
16. The orbital quark wave functions are those of a two-center harmonic oscil- 
lator. The effective potential is given in units of the oscillator quantum w, 
the cluster distance R in terms of the oscillator length a, i.e., p = R/2a. 


The effective potential, presented by 


F. Lenz!5 for a corresponding two-meson 


model which can even be solved analytically, without the adiabatic approxi- 


mation employed in ref. 16, shows the 
attraction and short-range repulsion. 
ment potentials, in contrast refs. 17 
tentials. It cannot be excluded, that 
also in refs. 17 and 18 may merely be 
force arising from the employed quark 


same features of intermediate-range 
Refs. 15 and 16 use many-body confine- 
and 18 use two-body confinement po- 
the intermediate-range attraction seen 
due to the unphysical van-der-Waals 
hamiltonian. 
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FIGURE 5 


Hilbert space for the description of the two-nucleon system below and above 
pion threshold. The vertices which connect the baryonic sectors with the 
pionic sector are also shown. The solid line denotes the nucleon, the zig-zag 
line the isobar and the dashed line the pion. 


Different groups use this model in different approximations. Broadly 
speaking they may be classified by the mechanism for pion production and pion 
absorption. One version bases this mechanism on the explicit mNN vertex of fig. 
5 and is then faced with the problem of nucleon renormalization@<. The other 
produces or absorbs a pion through the intermediary of the A-isobar, 
which is in turn excited through an instantaneous transition potential froma 
purely nucleonic configuration. 

The presence of the A-isobar in the force model at least yields a pseudo- 
resonant behavior for partial wave amplitudes due to the NA-branch cut, j.e., 
it yields a bump in cross sections, but no pole in the S-matrix. Besides this 
pseudoresonant behavior all versions of the force model may also develop dy- 
namical resonances“, which, however, will not really catch our physics inter- 
est. They are no dibaryon resonances in the exciting sense. The physically 
interesting question is: Do we need - besides the conventional nucleonic, iso- 
baric and pionic degrees of freedom - in addition explicit quark-gluon degrees 
of freedom in order to explain the experimental data in the coupled NN -7NN 
system? 
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The force model with the conventional nucleonic, isobaric and pionic degrees 
of freedom has had encouraging successes. Nevertheless, none of its approxi- 
mative versions is at present able to account for all existing data. An example 


for the problems is given in fig. 6. Hope was expressed in the discussion that 
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FIGURE 6 


Analyzing power Ayo for the reaction pond at 793 MeV proton energy from ref. 
25. The curves marked LY, BL and NI refer to theoretical predictions derived 
from refs. 26 (LY), 27 (BL) and 28 (NI). The force models of refs. 26 and 27 
are of the first type version using the explicit mNN vertex, the one of ref. 

28 of the second type version using the A-isobar explicitly. 


further tuning of the applied versions with respect to the parametrization of 
their dynamical input may make them work successfully throughout. However, 
neither the failure nor the possibility for ultimate success has been estab- 
lished yet for the conventional model. There was also a consensus that if the 
SIN measurement for the md tensor analyzing power tog of fig. 3 survived ad- 
ditional experimental scrutiny, then new physics and a signal for dibaryons 
of quark-gluon nature will have been found which would go beyond the dynamics 
of the conventional force model. 
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4, NUCLEAR THEORY WITH THE FORCE MODEL BASED ON NUCLEONIC, ISOBARIC AND PIONIC 

DEGREES OF FREEDOM 

There are two reasons for casting the experimental information of the two- 
nucleon system below and above pion threshold into the form of the force model 
of section 3.2. Firstly, one wants to check if the conventional degrees of 
freedom being used are the relevant ones for the two-nucleon reactions at 
intermediate energies. This task has not been completed yet. Secondly, the 
force model is to be used for a microscopic description of many-nucleon 
systems, 1.e€., for nuclear structure-??? with nonnucleonic degrees of freedom 
or for a microscopic derivation>9 of the pion-nucleus potential. This important 
aspect of the force model with nucleonic, isobaric and pionic degrees of 
freedom has received little attention in the past, has attracted only few 


contributions to this conference and was unfortunately not discussed. 
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The transition from a (non-relativistic) quantum theory of particles to a 
quantum theory of clusters is discussed. Effective interactions given by the 
resonating group model, the orthogonality condition model and the fish bone 
optical model are reviewed. Special attention is paid to the appearance of 
three-body potentials. A hypothesis is made that three-body forces are a 
measure of the non-elementarity of the interacting bodies. The resonating 
group Faddeev method is formulated and numerical results on the breakup re- 
action d(a,pa)n are presented. 


1. INTRODUCTION 

During the first two days of this conference we have learned that nucleons 
are formed by bags of quarks, which are surrounded by clouds of quark-antiquark 
pairs. This means that nucleons are composite particles and, consequently, 
should be treated as such. In earlier years, not having anything better on hand, 
we have treated them as pointlike particles interacting by a potential. We have 
assumed that such a potential exists and have considered it a challenge to in- 
vestigate its off-shell behaviour. With a quark model, we have at least the hope 
that it might become possible to derive the effective interaction of nucleons 
from a more fundamental theory; preliminary attempts have produced promising 
results, already! *4 

Effective interactions of composite particles are obtained by the transition 
from a dynamical theory of the subparticles to a dynamical theory of the compo- 
site particles. In this two-level scheme the theory at the first level is de- 
fined by fundamental principles and by reasonable assumptions, while at the 
second level, the effective dynamical equation is derived. Unfortunately, this 
road is still rather stony for quarks and nucleons: i) at the first level we 
are not yet certain which assumptions are reasonable, ii) in making the tran- 
sition to the second level we are not yet sure which approximations should be 
made and how to convert a complicated mathematical expression into a potential. 
What we need is more experience with composite particle dynamics and this need 
brings me to the topic of my talk. 

There are clusters of nucleons, like t, *He, a, !©0, which have rather stable 
ground states. We may try to treat them as elementary particles, study their 
effective interactions and investigate where and how the elementary particle 
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aspect breaks down. Also here, we are dealing with a two-level scheme. At the 
first level, we assume the Schrédinger equation for the nucleons, the Pauli 
principle and, as a reasonable assumption, some phenomenological N-N potential. 
At the second level, we are looking for a dynamical equation which effectively 
describes the relative motion of clusters. After having chosen the N-N interac- 
tion, the theory at the first level is well defined. We can study the transi- 
tion to the second level and we can study general features of the effective 
interaction of clusters. Some of these features may be general enough to be re- 
levant, also, in the constituent quark model of the nucleons. Knowing what we 
are looking for, we can now shop around and see what's on the market, already. 

We shall briefly look at cluster decompositions of A-nucleon integral equa- 
tions and then proceed to the resonating group model and to simplified versions 
of this model. Especially in the simplified versions, the structure of composite 
particle interactions will become transparent and it will be seen that there is 
a relation between energy-dependence of two-cluster potentials, three-cluster 
potentials and the probability density interpretation of the absolute square of 
a wave function. Finally we shall discuss the resonating group Faddeev method 
and present numerical results on d-a elastic and breakup scattering in which 
the a-particle is treated as an elementary particle. 


2. CLUSTER DECOMPOSITION OF A-PARTICLE INTEGRAL EQUATIONS 

This important subject will be covered by the talk of K. Kowalski (Session 
IV.7). Therefore I can limit myself to a few remarks. There exist various forms 
of A-nucleon integral equations which are rigorously equivalent to the A-nucleon 
Schrodinger equation plus boundary condition. Their reduction to effective in- 
tegral equations for clusters of nucleons has formally been done by several 
groups?’ The advantage of this approach is that it starts from a rigorous 
theory and includes the effect of all possible reaction channels. The disadvan- 
tage is that the reduction is so complicated that it becomes difficult to find 
good approximations and even more difficult to perform numerical calculations. 
A major problem is caused by the Pauli principle. The mean free path of inter- 
penetrating clusters becomes very short when the exchange of two nucleons, al- 
ready, leads to a new cluster configuration. The indistinguishability of nu- 
cleons thus becomes an essential ingredient and the tedious task of antisymme- 
trizing sets of integral equations cannot be spared. 


3. THE RESONATING GROUP MODEL AND RELATED MODELS 
In the resonating group model, the reduction of the Schrodinger equation for 
particles to an effective equation for clusters is achieved by a restriction of 
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the space of wave functions8-10, In the so-called single-channel no-distortion 
approximation, one assumes that the ground state wave functions 4), $. ... of 

the clusters do not change when the clusters overlap and interact. Only the re- 
lative motion wave function y , as a function of the center of mass coordinates 


of the clusters, is considered to be free. Denoting the product ¢,¢5 ... by ® 


) 
N 
the restricted space of functions is given by 6p = A{eédy} where Sy means all 
variations of x and A denotes antisymmetrization. The resonating group equation 
reads 


<odx|A(H-E)|®xy> =O . Ga) 


From its relative motion solutions x one gets the microscopic solution w as 

y = Afodx} . The microscopic hamiltonian H contains a phenomenological N-N po- 
tential. When a hard core potential is used, the bra and ket states appearing 
in (1) are multiplied by Jastrow correlation functions. 

The important feature of the resonating group method is that microscopic 
wave functions are properly antisymmetrized. This means, for instance, that one 
does not get twice the nuclear matter density when two a-particles overlap. This 
is one of the reasons why in the a-a system, for instance, the no-distortion 
approximation yields observables which are in good agreement with experiment. 

The resonating group approximation may be improved by enlarging the function 
space. In the coupled-channels resonating group model, the function space is a 
sum of terms, ow = A{,Sx, + ody + ...} , where the y,, xo, ... are relative 
motion states of the various channels. Eq. (1) becomes a matrix equation, in 
this case. If, in addition, internal motion states o. are introduced which are 
not products of ground states of clusters, one gets the so-called distortion 
approximation, because the additional states can describe the distortion of 
clusters in the region of strong interaction. When there are more than 2 clus- 
ters, the distortion states are not necessarily square integrable, because of 
spectator motion, and the resonating group equation becomes complicated!®. 

Let us return to Eq. (1). After performing the integration over internal co- 
ordinates one gets 


V 


r 
Gi Var CER io yawk SERRE ales) Oks (2) 


where T is the relative motion kinetic energy operator, V is a double folding 
potential and E. is the relative motion energy. The terms eo Ky and K Ep are 
non-local potentials which arise from antisymmetrization together with micro- 
scopic kinetic energy, potential energy and energy, respectively. 

The non-local potentials are rather complicated expressions, even when the 
cluster ground states are approximated by ground states of the harmonic oscil- 
lator shell model, as it is usually done. Nevertheless, these potentials have 
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been evaluated and used in bound state and scattering calculations for many 
systems of light nuclei; some illustrations will be presented in the subsequent 
talk by H.M. Hofmann. 

We want to treat clusters as elementary particles. This means that we want 
to interpret Eq. (2) as an effective Schrodinger equation and x as a quantum 
mechanical wave function. Let us see whether this is possible. At the first 
level, we have a microscopic wave function w which we consider to be a quantum 
mechanical wave function. At the second level we have a relative motion func- 
tion x and we want to ask whether |y|* is a probability density. A probability 
interpretation implies correct normalization. We immediately see that we are 
in trouble, because » and yx do not have the same norm. In the single-channel 


case, for instance, we have 
<p|p> = <x|A|ox> = <x|(1-K)|x> . (3) 


Here, (1-K) is called overlap kernel and K is the norm kernel, which also ap- 
pears in Eq. (2). The eigenstates VE and eigenvalues n, of K have en studied 
for many two-cluster systems and also for some three-cluster systems. Eigen- 
states of K with eigenvalues equal to one are Pauli-forbidden relative motion 
states and satisfy Eqs. (1) and (2) at all energies; they appear only in the 
harmonic oscillator approximation. 


It has been suggested by Friedman et ae 


1 


mation by inserting (1-K) * (1-K)* in front of x , in Eq. (2), and by multi- 


to perform an off-shell transfor- 
plying the equation by (1-K) * from the left * . Separating out, again, the ki- 
netic energy operator T and the folding potential V , one gets 


(T+V-E +R +R) [eso , (4) 


1 


Pe eek es (5) 


and new non-local potentials i and Kl . As can be seen from Eq. (3), the norm 
of x is equal to the norm of the corresponding » . The interaction has become 
energy-independent hermitian, by the transformation; a wave packet state would 
now retain its norm at all times when it is described by Eq. (4) with Een being 
replaced by i fi 3/ot . 
Saito! and FlieBbach?” have speculated that x might be interpreted as a 

probability amplitude, which would mean that Eq. (4) is a Schrddinger equation. 
But here we have to be careful. Correct normalization is a necessary condition 


for a probability interpretation, but not a sufficient one. How can we find a 


*FlieBbach and WalliserlS have shown that this transformation remains meaning- 
ful in the harmonic oscillator limit, when the limit is defined in a proper way. 
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sufficient condition ? We have to recall that a quantum mechanical probability 
density is, in principle, an observable. It must be possible to measure it, at 
least in a gedankenexperiment. When there are two clusters and we want to 
measure the probability density of finding their centers of masses at a certain 
(short) distance, we need a third body as a probe. The probe may be another 
cluster, or any particle. If we know its interaction with each one of the first 
two clusters, and if we know that the presence of the probe does not give rise 
to a three-body potential, then we can perform scattering experiments and de- 
duce the relative probability distribution of the first two clusters by com- 
paring experimental data with calculated cross sections. No three-body force 
means that the probe is interacting with each one of the two clusters as in 
free space, regardless of the presence of the other cluster; in a pictorial way, 
we can say that the spectator has an unblurred view of the two clusters. This 
gives us the sufficient condition we are looking for: Add a third particle, or 
cluster, c to a system of two clusters a,b and extract from the three-cluster 


pifechive interaction See the effective two-cluster interactions vane Vee and 
Mca? Toes (3) 
(V+k -k =) Vie us + ite + ee + V abe , (6) 


When the remaining three-cluster potential ee is zero or negligible, Eq. (4) 


for the a,b system may be interpreted as a Schrodinger equation. 

Let me put this into the form of a hypothesis: Compostte parttcles behave 
like elementary particles only when three- and multtbody forces, tn systems 
with a spectator, are small. One could also say that three- and multibody 
forces, in systems with a spectator, are a measure of the non-elementarity of 
the interacting bodies. Let's use these statements as a guideline to learn more 
about three- and multibody forces. 

What are the origins of multibody forces, in systems of nuclear clusters ? 
First, there is the Pauli principle which gives rise to the three-body Pauli 
potential /®. This potential is even present when one of the three clusters is 


Ate A second origin are hard core correlations. When 


a distinguishable particle 
the phenomenological potential at the first level is a hard core potential, the 
effective two-cluster potentials tend to be less attractive in the interior re- 
gion and a three-body potential tends to keep the clusters farther apart 28919 
Third, there is channel coupling. In a p-n-a system, for instance, the a-par- 
ticle will certainly no longer behave like an elementary particle when the t-3He 
channel is open. The channel-coupling interaction, which is a multibody force, 
signifies this fact. Fourth, there are distortions. When they are formally eli- 
minated from the resonating group equation, one gets the so-called elimination 


potentials which are energy-dependent two- or multibody potentials!?, 
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According to the above hypothesis, the elementary particle concept of clus- 
ters does not necessarily break down when clusters overlap. The appearance of 
multibody forces, when a spectator is introduced, is the important thing ! And 
even then one should not give up too early. Is has been seen in a simplified 
version of the resonating group mode1-/ that the three-body Pauli potential 
mainly corrects for the improper normalization of the two-cluster relative mo- 
tion function y . When an off-shell transformation according to Eq. (5) is 
performed, the effective potential becomes energy-independent and the three- 
body Pauli potential is greatly reduced. In the fish bone optical model with 
saturation!®, which treats the second case in a somewhat simplified way, the 
off-shell transformation which makes the effective potential energy-independent 
also reduces the three-body force!?, 

There is a connection between an improper normalization of a subsystem wave 
function, energy-dependence of the subsystem interaction and multibody poten- 
tials. Since there are implications for the constituent quark model, let's see 
whether this connection holds true also for the elimination potentials which 
arise from cluster distortions. 

The simplest case of an elimination potential is obtained when a square in- 
tegrable, antisymmetric distortion state f is added to a single-channel (two- 
cluster) space, 

dy = Afody} + 6a ff , (7) 


where 6a is an arbitrary variation of the amplitude a . For simplicity we as- 
sume that f is orthogonal to all channel states (by having different spin or 
isospin, for instance). The resonating group equation then reads 


<@dy|A(H-E)|ox> + <oéx|(H-E)|f> a=0 , 


<f|(H-E)|ox> + <f|(H-E)|f> a 


" 
(=) 
co 

— 


Elimination of a leads to 


ody |H|f>_<F]H] ox 
<05x|A(H-E)|ox> - <SSx tte nee 2g (9) 


In the second term we see the elimination potential Wi which has the R-space 
representation 
s 4 > = > 
Ree) = - <oR'|H|f> <f|(H-E)|f> ~ <f|H|/oR"> . (10) 
When <f|H|f> is a rather high energy, and when we are only interested in ener- 
gies in the vicinity of the threshold energy EO , we can make a Taylor expan- 


Sion in E around ES and truncate after the linear term, 
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1 


Vera = 7 <OR'[H|f> <F](H-EQ)| foo? <F]H|oR"> - 


eli 
- <@R'|H|f> <f|(H-E,)|f>? <f|H|@R"> E, + 0(E2) . (11) 


The second term on the right hand side has the same mathematical structure as 
the term K(R' R" JE. in Eq. (2). Dropping O(E*) we can combine these two terms, 
perform the off-shell transformation (5) and get a transformed equation for xy 
with an energy-independent potential. 

What has this to do with renormalization of the relative motion function 
x ? Well, in the present case we have 


<p|y> = <x|(1-K)|x> + Jal? . (12) 


Even when K were equal to zero, <w|y> and <y|x> would not be equal, because our 
function space has the "hidden corner" f , into which the system goes and re- 
emerges with probability |a|* . When x satisfies Eq. (9) we can calculate a 
from the second line of Eq. (8) and insert it into Eq. (12). We get 


<y|y> = <x| (1-K)|x> + <xo|H|f> <f|(H-E,-E.)|f57? <f]HJox> . (13) 


We see now that, for E. = 0 , the operator which appears sandwiched between <x | 
and |x> , in the second term on the right hand side, is just the operator which 
we have combined with K to perform the off-shell transformation (5). This means 
that, for E. = 0 , the norm of a solution x of the transformed equation is 
equal to the norm of the microscopic state y , i.e. we have renormalized x . 

The last question is how this is related to the appearance of a three-body 
potential, when a spectator is introduced. At the moment, there is only an in- 
tuitive answer: The spectator part of a wave equation is a potential times a 
wave function. When the latter contains a subsystem wave function with a norm 
defect, a three-body potential must appear to compensate for this defect. Going 
over from xy > x means that this compensation is no longer necessary and we thus 
are eliminating one of the reasons for having a three-body force. 

In a constituent quark model for the N-N interaction (forgetting relativis- 
tic corrections, for the moment), the state f might be identified with a A-A 
configuration and <TC HE) ite would be around 600 MeV. The Taylor expansion 
(11) and the off-shell transformation (5) would then help to make the N-N in- 
teraction of the quark model comparable with energy-independent phenomenologi- 
cal N-N interactions. 

The present simple example can be generalized to several distortion states 
and to distortion states which are not orthogonal to channel states. The simple 
example above has been given to demonstrate that the nuclear cluster model can 
indeed help us to understand some general features of composite particle 
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interactions. 
We have already mentioned a few times that there are simplified models which 


are related to the resonating group model. Because of their simplicity, these 
models sometimes give a better insight into the structure of composite particle 
interactions than the more correct resonating group model. In the following we 
will take a brief look at orthogonality condition models and at the fish bone 
optical model. 

saitoe? studied resonating group wave functions and found that the Pauli 
principle produces some almost energy-independent nodes. In his orthogonality 
condition model he reproduces these nodes by a non-local potential which forces 
the wave function to be orthogonal to Pauli-forbidden and almost Pauli-for- 
bidden eigenstates of the norm kernel. Neudatchin et A and Friedrich et 
al? found that the Pauli-forbidden states can rather well be represented by 
bound states of a (deep) local potential. The orthogonality condition with re- 
spect to these bound states is automatically satisfied by two-cluster scat- 
tering states. Kukulin, Neudatchin and Pomerantsev<> have extended the ortho- 
gonality condition model from two to three clusters. In their method, the Pauli- 
forbidden states of the two-cluster subsystems, together with any motion of the 
spectator cluster, are shifted to infinite energy by a non-local potential. 

The two- and three-cluster orthogonality condition models have been extended 
to include also the effect of partly Pauli-forbidden norm kernel eigenstates 
by the fish bone optical mode?’ , which reads 

(TAYE) xe gee aca T Svar us as Ge =) < (14) 

The first term has the same origin as the direct part of the resonating group 
interaction, but V is now considered to contain fitting parameters. The second 
term approximates the exchange potentials kl + kK! of Eq. (4) by an expansion of 
(T+V-e) on the basis |u.> of norm kernel eigenstates. The expansion is modified 
by the matrix libs . The matrix contains the eigenvalues nj of the norm kernel 
and introduces the Pauli effect into the equation. It reads 


heap 
Mi Si thee : i<j > Symmetrie . (15) 
(1-7, )(1-7;) 
with 
Tae nj = Il 
ns = 
ur We ny # 1 


The energy ©« is the energy at which the Pauli-forbidden eigenstates of the norm 
kernel become bound state solutions of the equation. In practice, one chooses 
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e to be a large positive energy. If a certain residual interaction term is 
added to Eq. (14), if V is chosen to be equal to the double folding potential 
and if e = E. , then Eq. (14) becomes identical to the off-shell transformed 
resonating group equation. It has been seen by comparison with Saito's model 
that the effect of the partly Pauli-forbidden states is essentially a barrier 
effect-/ which may be interesting for heavy ion grazing collisions. 

Eq. (14) is valid for two or more clusters; it has been extended to also in- 
clude hard core correlations?®. The evaluation of the exchange interaction is 
straightforward when the eigenstates and eigenvalues of the norm kernel are 
known. With the fish bone optical model, some investigations on three-body 
forces have been done. In an application to the bound state of three a-par- 


25 it has been seen that the effective three-body Pauli potential is very 


ticles 
strong when the off-shell transformation (5) is not carried out. The three-body 
Pauli potential becomes much smaller by off-shell transformation. Nevertheless, 
some 7 MeV overbinding were obtained for the 3a system, as compared to the ex- 
perimental binding energy of !2C , which may be due to the neglection of the 
saturation effect; almost the same amount of overbinding has been obtained by 


- in a calculation with the energy-independent (deep) local a-a 


Smirnov et al. 
potential. In the A-a-a system, the three-body Pauli potential of the fish bone 
optical model has a simple mathematical form and can be evaluated without dif- 
ficulty. It has been found<” that, after off-shell transformation, it decreases 
the binding energy of jBe by 0.05 - 0.2 MeV, depending on the choice of the 
effective A-a potential. 

The three-body potential arising from hard core correlations has only been 
studied in the A-A-a system where the Pauli principle has no effect 9, It has 
been found that it decreases the binding energy by 0.5 MeV which is about 5% of 
the relative binding energy of the three bodies. 

Concluding this section we may say that tightly bound nuclear clusters do 
behave approximately like elementary particles at energies which are well below 
the threshold where the clusters can break up. There is a striking similarity 
between the effective interaction of nuclear clusters and the interaction of 
nucleons: In both cases we have to accept the fact that three-body forces are 
non-zero“ °¢8, even though they may be rather small when the off-shell behav- 
jour of the two-body forces is chosen properly. The general investigation of 
three-body forces is only at the beginning and may become a promising field in 


the near future. 


4. THE RESONATING GROUP FADDEEV METHOD 
In few-body physics it has always been a challenge to study the off-shell 
behaviour of interactions by solving the Faddeev equations and comparing the 
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results with experimental data. In the preceding section of my talk we have 
seen that the possibility of treating clusters as elementary particles depends 
to a large extent on the proper choice of this off-shell behaviour. For testing 
the elementary particle concept of clusters we want to combine the resonating 
group method and the Faddeev method. There are difficulties which we want to 
overcome in the following way. 

1) We decompose the resonating group potential of the three-body system into 
three subsystem potentials and a remaining three-body potential. By applying 
the off-shell transformation (5) we install proper normalization of subsystem 
wave functions and reduce the strength of the three-body potential; the reduced 
three-body potential is neglected. 

2) We replace the two-cluster resonating group potentials by potentials of the 
fish bone optical model and use its fitting parameters to reproduce experimen- 
tal two-body data. 

3) We compare the two-cluster potentials of the resonating group model and of 
the fish bone optical model by looking at wave functions. The resonating group 
wave functions are not uniquely defined because of the uncertainty of the phe- 
nomenological microscopic interaction. If the wave functions of the fish bone 
optical model lie within the range of this uncertainty, we can call the method 
a resonating group Faddeev method. 

4) By a unitary interpolation method we reproduce phase shifts and wave func- 
tions of the two-cluster potentials of the fish bone optical model by rank-r 
separable potentials; when Pauli-forbidden positive energy bound states are 
present they are reproduced too. 

5) With the separable potentials, we perform Faddeev calculations and check 
whether the results are sensitive to the (undetermined) two-body phase shifts 
at high energies. 

6) We calculate cross sections and analyzing powers and compare them with ex- 
perimental data. 

In the case of d-a scattering with breakup into n-p-a this procedure has 
been tested by K. Hahn et ae 
separable potential for the Si = 1, partial wave. A charge symmetric N-a po- 
tential has been constructed by fitting the fish bone optical model (14), with 


. The n-p interaction was chosen to be a rank-1 


a Woods Saxon direct potential including a spin-orbit term, to reproduce ex- 
oo aye a 
energy range 0-18 MeV (c.m.). The comparison of the fish bone optical model 
wave functions with resonating group wave functions shows a slight difference 
at short distances. This difference is mainly due to the fact that a Woods 
Saxon shape has been chosen as spherical part of the direct potential, while 


the corresponding res. group potentials were of gaussian shape. The Woods Saxon 


perimental n-a phase shifts of the aS d Pee partial waves in the 
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shape has been preferred, however, because hard core correlations tend to make 
the direct potentials more similar to a Woods Saxon shape than to a gaussian 
shape>-. The potentials of the fish bone optical model have been approximated 


by separable potentials of rank-3 for the hs wave and rank-2 for the Ps 
and aN waves. The separable potentials reproduce wave functions with high 
accuracy in the elastic energy region; the ae. potential also reproduces the 


Pauli-forbidden bound state at (chosen) +500 MeV. With the separable interac- 
tions the Faddeev equations have been solved (without Coulomb interaction) by 
Doleschall's code, for incident deuteron energies of 7.5 and 12 MeV (Lab). 
Special emphasis has been put on point 5 of the above program, because the 
whole method would break down if the three-body observables were sensitive to 
the unknown high-energy behaviour of two-cluster phase shifts. In order to test 


2 


this sensitivity, new separable potentials of rank-4 for the wave and 


rank-3 for the Paes and “Pee. 

j= is 
tion equivalent to the old potentials in the range 0-18 MeV (c.m.) but differ 
in the range 50-200 MeV (c.m.) by up to 50 degrees of phase shift. The Faddeev 


calculation has been repeated with the new potentials and no sensitivity of the 


34/2 
waves have been constructed which are wave func- 


observables has been found. This result may seem surprising, at first sight, 

but let us recall that the two sets of potentials are not only phase equiva- 

lent, at low energies, but wave function equivalent. A three-nucleon calcula- 
tion by Fiedeldey”*, in which the deuteron wave function has been kept fixed, 
seems to confirm the present finding. 

The N-a phase shifts in the range 18-50 MeV may have some influence on the 
observables of d-a scattering at EG 7.5 and 12 MeV (Lab). This 1s rellated to 
the question of whether distortions of the a-particle, i.e. square integrable 
states of the d-*He and d-t channel, play an important role. A sensitivity 
check in this energy range, however, has not yet been performed. 

Let us take a look now at the resonating group Faddeev results and compare 
them with the results of two d-a Faddeev calculations in which phenomenological 
N-a potentials have been employed. In all three calculations, the N-a poten- 
tials used reproduce rather well the experimental phase shifts of the elastic 
energy region. However, there is a difference in the half off-shell behaviour, 
which is depicted in Fig. 1, for the Sis partial wave. The full line shows 
the N-a wave function at 10 MeV for the potential used in the resonating group 
Faddeev calculation. The first node signifies orthogonality with respect to one 
Pauli-forbidden state. The broken line has been calculated with the phenomeno- 
logical potential used by Charnomordic et A in their d-a Faddeev calcula- 
tion, and the dotted line has been calculated with another phenomenological po- 
tential. It is seen that the broken line is rather similar to the resonating 
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group wave function, while the 
dotted line is not. Also, the 
second phenomenological poten- 


tial produces phase shifts 
which, above 30 MeV, are too 
large in comparison with reso- 
nating group phase shifts. If 
the resonating group model is 
good and the Pauli principle 


has a significant influence on 


d-a scattering, we should ex- 
pect good agreement with ex- 


FIGURE 1 periment in case of the reso- 
Comparison of N-a wave functions at 
E = 10 MeV (c.m.); full line: reso- 
nating group model, broken and dotted tion, a little less good agree- 
line: phenomenological models. 


nating group Faddeev calcula- 


ment in Charnomordic's calcula- 
tion and worse agreement in the 
third calculation. As is seen in Fig. 2, this is just what we get ! 

There is one more reason why the result of the phenomenological model by 
Charnomordic et al. agrees so well will experiment: In the oe and ee 
waves their potentials overestimate a little the probability of finding the nu- 
cleon inside the a-particle, while in the <Soue potential this probability is a 
little underestimated. In the elastic scattering cross section, these effects 


oP The result of the third calculation demonstrates that it 


partly compensate 
can be dangerous to work with phenomenological potentials. 

Fig. 3 shows a breakup cross section of the resonating Faddeev calculation 
in comparison with the result obtained for the phenomenological potential by 
Charnomordic et al.. Further results will be given in Ref. 30. A d-a breakup 
calculation with a phenomenological N-a potential has also been performed by 
Koike?’ 
tained?6 


In Koike's calculations the best agreement with experiment is ob- 
when the Sok potential has a bound state at -300 MeV. In a Faddeev 
calculation, the effect of this large negative energy is similar to the effect 
of the choice e = +500 MeV, in Hahn's calculation. 


5. CONCLUSION AND OUTLOOK 

We have studied the possibility of treating tightly bound nuclear clusters 
as elementary particles with the consequence that their motion is then described 
by a Schrédinger equation. We have seen that this is approximately possible in 
certain models, like the single-channel resonating group model. We have made 
the hypothesis that the appearance of three- and multicluster forces signifies 
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FIGURE 2 FIGURE 3 
The d-a elastic differential cross sec- Differential cross section of the 
tion; full line: resonating group N-a d(a,pa)n reaction; full line: reso- 
potential, broken and dotted lines: 


nating group N-a potential, broken 
line: N-a potential of Ref. 33. 


phenomenological N-a potentials. 
the limit where the elementary particle concept breaks down. The resonating 
group Faddeev method allows us to perform scattering calculations with three 
clusters and to test the off-shell property of effective interactions. Ina 
Faddeev calculation on d-a scattering it has been seen that the Pauli principle, 
which is effectively included in the interaction, has a strong influence on 

the three-body observables. 

We may finally ask whether it is possible to apply the resonating group 
Faddeev method to three clusters of quarks or to other composite particle 
models. The answer seems to be yes. Resonating group potentials for two clus- 
ters of quarks have already been derived . Progress has also been made in a 


self-regularizing non-linear spinor field theory. As has been shown by Stumpf 


and collaborators>” , it is possible to derive from the general functional equa- 


tion of the quantized spinor field an equation for the energy which is re- 
stricted to equal times for all fields. This equation corresponds to a Schro- 
dinger equation for fermions with polarization clouds. When the polarization 
clouds are formally eliminated, effective potentials arise which are energy- 
dependent and contain three- and multibody components. If microscopically 
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derived potentials are brought into an energy-independent hermitian form, we 
may hope that three-body forces become small and may be neglected. We have seen 
that the input needed for a resonating group Faddeev calculation consists 
mainly of subsystem wave functions for a chosen set of energies, from which the 
separable potentials are then constructed. This input can be supplied even when 
the effective interactions are given by very complicated analytic expressions 


or by numerical arrays. 
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RESONATING GROUP CALCULATIONS IN NUCLEAR FEW CLUSTER SY STEMS* 


Hartmut M. HOFMANN 


Institute for Theoretical Physics, University of Erlangen-Nirnberg, 
D-8520 Erlangen, W-Germany 


Several theoretical techniques, applicable to scattering systems, are 
presented and connexions between a recent algebraic approach and a variational 
ansatz are demonstrated. The results of these techniques are compared with 
experimental data. It is shown that diverse cluster decompositions have to be 
taken into account in order to reproduce the data. 


1. INTRODUCTION 

Nuclear few cluster systems are well studied experimentally!. Theoretically 
different approaches contribute to our present understanding of these systems. 
All these approaches show two sides, one is the conceptual idea, the other the 
technical performance. In comparison with experiment the last property is the 
crucial one, and I will elucidate this fact a bit. 

The simplest nuclear few cluster problem is the deuteron, consisting of the 
elementary clusters "proton" and "neutron", thereby neglecting quark degrees 
of freedom. Due to this simple structure, the deuteron can be solved by 
various methods without any restrictions e.g. on the complexity of the force. 
Proceeding along these lines, where one treats all individual nucleons ona 
democratic basis, the technical difficulties increase so rapidly, that nuclear 
systems with mass numbers beyond 3 or 4 are no more feasible in Fadeev-type 
calculations. Hence, one has to restrict the complexity of the problem and to 
consider only the main components of the wave functions. One very fruitful 
idea, developed by Wildermuth?, is to cluster nucleons, which means, that the 
orbital wave function of the nucleons is symmetric under permutations within 
one cluster and all nucleons inside a cluster are in relative s-states. 

These restrictions on the complexity of the wave functions enforce the use 
of effective forces. Just to illustrate this, let us consider the deuteron as 
one cluster, neglecting the d-state component of the wave function. Since the 
tensor force is known to contribute appreciably to the binding energy of the 
deuteron, an "“s-wave-deuteron" is usually unbound with realistic nucleon- 


nucleon potentials. Therefore one has to modify the central part of the force 
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in order to bind the deuteron appropriately. There are several potentials in 
the literature4 giving reasonable binding energies for a simple ansatz of 
the wave function for light nuclei. This change of the central parts of the 
potential is most obvious in the transition from the model potential of ref. ~ 
to the realistic nucleon-nucleon potential of ref. 5. 

However, we should keep in mind that effective forces depend on energy 
either directly or via the modelspace dependence. With these restrictions on 
the wave functions, we can now return to our original problem, the description 
of nuclear systems, as few cluster systems. The aim is to find an approximate 
solution to the many body hamiltonian in the form of known internal functions 
and unknown relative motion wave functions. I do not want to discuss systems 
with more than 2 fragments, as these are already discussed be fore®. 

Even with this restriction to binary fragmentations, various techniques of 
resonating group calculations cover too wide a range of nuclear systems to be 
discussed here. Therefore I will describe only those methods, which are 
applied to scattering systems and not solely to bound states, because cluster 
calculations provide the unique microscopic description of reactions between 
complex nuclei, beyond DWBA. Furthermore, the much simpler bound state 
calculations do not give substantial more insight into nuclear structure 
problems than extended shell model calculations’. 

With the above restriction to binary fragmentations the ansatz for the wave 
function reads schematically 


#lgecngN) = 2 OIG ee) ¢5(N 41,.-.5N) ae oe oS (1) 


i rel —rel 

where A is the total antisymmetrizer and s denotes a multi-index 
characterizing each channel by fragmentation, excitation of the fragments, 
orbital angular momentum L and channel spin S, coupled to total angular 
momentum J. $48 denotes the internal function of fragment i in channel s 


and XSn,y is the unknown relative motion wave function to be determined from 
the Schrodinger equation 


C14 gh hy ee Bel eee ty) (2) 


projected onto the space of trial functions. This differential equation in 3N- 
coordinates is reduced to a system of M coupled equations, depending on the 
relative coordinates only. This reduction is achieved by, loosely speaking, 
integrating over the internal coordinates. These multi-dimensional 
integrations represent the main technical barrier for the solution of eq. (2) 
with totally antisymmetrized cluster wave functions, thus setting the limits 
on the complexity of systems accessible to actual calculation. The solution of 
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the remaining equations is intimately connected with the method of integrating 
over internal coordinates. Two main approaches, in use now, will be described 
in the next chapter. Chapter 3 is devoted to a comparison of theoretical 
results with experimental data. And finally novel approaches are sketched and 


physical problems manageable with the new techniques are discussed. 


2. THEORETICAL METHODS 

The different methods to reduce the N-particle Schrodinger equation, eq. 
(2), to a system of equations for Xrey can be arranged into two classes: In 
the first class, the relative vector of the two fragments is taken as a 
generator coordinate and the resulting integro-differential equations for Xp] 
are solved numerically; in the second class, the wave functions Wes are 
expanded into a suitable set of functions and the resulting equations for the 
expansion coefficients are solved algebraically. In the following all formulas 
are written explicitely for the single channel case only to make their 
structure as evident as possible. In the more channel case, all equations are 
understood as matrix equations in the space of channels. 

2.1. Generator Coordinate Techniques 

The generator coordinate techniques are beautifully described in great 
detail by Tang®, so I can restrict my discussion to the essentials of the 
method: Multiplying the total wave function by an appropriate but arbitrary 


wave function Z for the c.m.-motion eq. (1) can be converted into 


¥ = A{Sfo1 >, 5(RL) - R') 2(R,)} XL. (R') aR (3) 
and eq. (2) reduces to 
fCH(R,R') - BE N(R,R")3 SER ETE 8 (4) 
with 
H(R,R') = <b, 5 5(R,,, — BR) Z |H | ATO, o 8(R., - R') 2D (5) 


and an analogous equation for the norm kernel N(R,R). Since the internal wave 


He 
functions %) and %) are already antisymmetrized, it is advantageous to 
decompose the total antisymmetrizer into 


A=A,A eT es 


ps hss (6) 


2 
Note, that A in eq. (5) can be replaced by A’, thus one can separate H into 


two parts 
H(R,R') = H)(R,R') + HL (R,R') (CP) 


Realizing, that Hp(R,R) contains a é-function, eq. (4) can be converted into® 
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2 2 - fF — — a 4 ! ' a 8 

Gh /2uV, P VER) = eB) “5, aR Rae ec ee (8) 
with Ej the binding energy of the fragment i and 

KQ,R') = HERR = 2 NO GsR!) (9) 


Choosing harmonic oscillator wave functions for ?,, ¢2 and Z all necessary 
integrations to determine the kernels can be performed analytically using 
shell-model techniques. With the kernels and Vp known, eq. (8) can be solved 
by various numerical techniques®, 

This method is well suited to describe single channel problems for energies 
up to 50 MeV and large mass numbers?, e.g. 16 + 285i, However, for coupled 
channels the calculation of the kernels becomes tedious and new techniques, 
c.f. chapter 4, seem to be more efficient. Just recently, a first calculation 
with two different cluster fragmentations is reported for the 7Li-system!9, 
which will be discussed in chapter 3. 

2.2 The Algebraic Expansion Methods 

The algebraic methods are characterized by an ansatz for the relative 


motion wave function X (R) in eq. (1) in terms of regular, and irregular 


rel 
Coulomb waves and appropriate L?_ functions covering the interaction region. 


il by Hackenbroich. 


This method was first applied to nuclear scattering systems 
He obtained convincing results for light nuclear systems, ranging from A = 4 
to A = 12, with his refined resonating group method, which will be described 
briefly along the lines of ref. 12. 

For the relative motion wave function with orbital angular momentum 1 an 


ansatz is chosen as follows 
n 


zy WH @®) (10) 


where Fy and Gy are the regular and regularized irregular Coulomb waves, 


Bane) = F(R) +a G, (R) + 
abe 


respectively, and W; are L@-functions, to take care of the interaction region. 


Note, that G, has to be regularized, so that X has the right boundary 


rel 
condition for R = 0. The elements of the reactance matrix a and the 


coefficients b; are the variational parameters which are determined from 
Sixt | 2 ~ el] Ye 1/2 a= 0 (11) 


Rewriting the translationally invariant hamiltonian as 


. 2 2 
Doe cae key eee 
Dy Mis he R + 

+) 72 R 


| 


N 
= a Ay 
H H, + Hy 


a> It (12) 
i=! j=N ee 


where Hy and Hg are the internal hamiltonians of fragment 1 and 2, 
respectively, the next two terms are the short ranged interaction between the 
two fragments and the last two terms determine the asymptotic hamiltonian if 
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the two fragments are far from each other. All the integrals in eq. (11) 
exist l2, if the fragment functions %; of eq. (1) are eigenstates of H; in eq. 
(12) to the energy E; and if the Coulomb waves are eigenfunctions of the 
pel = Eorvkya> Eo. This means that the 
thresholds are fixed once the interaction and the internal wave functions of 


the fragments are chosen. 


asymptotic hamiltonian to the energy E 


In order to solve the variational eq. (11) we change our notation 


eae tera pet 2 be Wwe 


ane (s)) 


where the functions on the right hand side of eq. (13) contain the relative 


motion part and all internal functions. Now we diagonalize the norm-matrix and 


the hamiltonian in the space of the functions Ww. and denote the eigenfunctions 


‘ 
with W;, which satisfy 


<u; [w,> = pee <ws | | ee ako Cae (14) 


The variational eq. (11) can be cast into the form 
Sel ei elsee s|) tie | ee ee eer ai) w,> = 0 (15a) 
ae 
re | foie a Ge. | ae | ee : bi fe; - B) 53, = 0 (15b) 
where eqs. (14) and H =H - E have been used. Eliminating bj Prom GES (1S). 


one finds 
: ip i =] 

a= = <e i a | ze 49 || ie || wes (16) 
with the definition 

= =I 

seer TN Se ! =; 

H =H j H |w.> (e, - £) 

Interpreting eq. (16) as a matrix equation, as implicitely always assumed, the 


<w, | H" (17) 


reactance matrix is obviously not symmetric, hence, a unitary S-matrix is not 
guaranteed; the set of functions w being incomplete. Therefore, one has to use 
a Kato correction!2,13, leading to 

ape = 2(ce | Ho | f> <p | a | a <g | H | ao <p | H | £>) (18) 
with an obviously symmetric matrix a. All matrix elements necessary for the 
evaluation of eq. (16) or (18) resp. can be calculated analytically by 
generating function techniques!@>!4 using Jacobian coordinates if the 


functions W; are given by 


1+] 


w; @) = R exp (-B,R°) (19) 


and if the potentials are given in terms of Gaussians”, and if the Coulomb 


functions in the interaction region are expanded in terms of w;. 
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For this technique, a chain of flexible computer programs exists, which 
allows to treat central, spin-orbit, tensor and Coulomb potentials for systems 
with many coupled channels belonging to different cluster decompositions of up 
to four clusters. However, due to the increasing number of matrix elements, 
the nucleon number is limited to about 12. Furthermore, the non-orthogonal ity 
; with 
creates severe technical problems, if the excitation energy exceeds 20 - 


of the functions w;, together with the monotonic change in shape of w 
B, 
30 MeV, thus limiting the range of energies accessible. When adding in the 
expansion eq. (13) functions of the type w,;(R) * nek, with k = 1,2 the above 
techniques can still be used and much higher energies can be reached. First 
model calculations demonstrate that 100 MeV excitation energy can be treated 
without technical problems!9, 

Another method, which has no obvious limitations for the energy range, was 


17, In the following the 


recently developed by Filippov!® and Smirnov 
essentials of their approach will be given and compared with the refined 
resonating group method. 

Starting from the ansatz eq. (1), the relative motion wave function is 


expanded in terms of harmonic oscilator wave functions Rj] 
x @) = 2c (R) 
rel = 


R 
n=o 2 nl 


(20) 
where the coefficients C,) depend on energy. In the following we restrict our 
considerations to potential scattering only and suppress the index 1 in order 
to make the formulas as transparent as possible. With the expansion, eq. (20), 
the Schrodinger equation (2) is converted into the n-representation: 


Gis ese fB) GC. 105 nO Sate (21) 


For a short ranged potential, the hamiltonian for large n contains only the 
, n-l>? Tan Tie erie 
Assuming that the potential matrix V can be cut of at a finite dimension M, 
eq. (21) can be broken into two parts 


M 


y UH = Jays = - : a 
ae nm aim Cn oom os M+] Cute 1 x 1,-++M (22) 


kinetic energy, which has non-zero matrix elements i 


and the equation of free motion. Diagonalizing the M-dimensional hamilton 
matrix with an orthogonal matrix U, eq. (22) gives in obvious notation 


>, cp SE EO JURA me 5 
: See on aee Yim Ty wer Ste Sec (23) 
which can be solved for Cy, using the orthogonality of U 

M 


— 2 —_ 
CG. = a Ui / @ e.) a 


aoe (24) 


M M+1 aver ] 
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Now, for free waves the coefficients C, are given by 


(0) ae iste irreg 
on oa + tan 6 Ce (25) 


where CyP@9 and CnlPed are known functions!/. Assuming, that for n>M the co- 


efficients C, are equal to the free ones C°n, eq. (24) can be solved for tan é 


ee: reg reg irreg irreg 
Poe a (Gs, iC, ese 2 (26a) 
with the abbreviation 
M 
=. 
= PS US = 
x SE Letra eA ae) (26b) 


i=] 
Note, that in potential scattering tans is just the reactance matrix as 


discussed earlier. The only unknown quantities in eq. (26) are the energies ej 


and the matrix U, resulting from the diagonalisation of the hamiltonian, eq. 
(22), in the M-dimensional space. 

It is not clear to me, what the approximation of the coefficients Cy by the 
free ones really means. Therefore I want to demonstrate, that eq. (26) can be 
obtained from the variational principle eq. (11) with the ansatz 

M 


eet HE AR) eee) (27) 


where F and G are the regular and irregular Coulomb waves, respectively, 
minus the first M expansion terms, eg. 


OR na Ge me ROKR) 
n=M+1 2: 


(28) 


Taking Cy and a aS variational parameters and following along the lines of eq. 
(12 - 16) we find 


T ] 


gee ace. |e Ets <a" | H excless (29) 


where now H is given by 


M 
-] 
EE TESS UN BRN (eae ses 1a 1 SRE? (30) 


Pus Ff 
i,n,m 


Note the formal equality of eq. (29 - 30) and (16 - 17). Taking into account 
Chater eandmG: Satastys He | F> = 0, a typical matrix element can be evaluated 
using eq. (28) and (22). 


ie py reg a 
Comet! ee ae” ir Neg Cee 


n=0 
M : gil 
. ; reg Cee tres reg (31) 
ie hse ge eR ia raged 


n=O 
Inserting the matrix elements according to eq. (31) into eq. (29) leads 
straightforward to eq. (26). Thus it is shown, that the two approaches are 
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related. 

From the structure of eq. (29) it is evident that also the reactance matrix 
determined in ref. 17 is in general not symmetric, hence a Kato correction has 
to be applied, too. Furthermore, eq. (29) is the generalization of the single 
channel eq. (26) to the general multistructure system. 

It is now possible to shed some light onto the approximation leading to eq. 
(26), because in the variational approach it appears, as if eq. (29) is exact 

for a multiterm se- 


parable potential. 


E (MeV) Tae However, we have to 
10 aie eer realize that in the 

i+p SHet +p ansatz eq. (27) the 

2 Been au ety irregular Coulomb 

8 Fup I Can Suton function is not an 

, SLied i: Steed admissable function, 

top ae because it is not re- 

6 ey gular at the origin, 

5 — = hence it has to be 

A a -- tial regularized, compare 

the ansatz eq. (10). 

3 The regqwl aritzed 

2 Coulomb function G is 

1 no longer an eigen- 
function of H , nor is 

0 ete = “Hew He Hest Tet the asymptotic expan- 

4 exp. calc. exp. calc. sion of G given by eq. 

E 7Be TL (28). Thus, additional 
terms emerge, e.g. in 

eq. (31), preventing 

Figure 1 the reduction of the 
Experimental and calculated thresholds for /Be general equation (29) 
and /Li. to the much simpler 


one eq. (26). 

Till now, actual calculation for this algebaic approach exist only for the 
very light systems in single channel approximation employing a very simple 
force.®. Therefore I will not compare any results with experiment. One should, 
however, bear in mind, that the use of orthogonal functions in the asymptotic 
region is advantageous compared to the refined resonating group model. 


Therefore a combination of the two methods, via integral transforms might be 
very fruitful. 
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3. COMPARISON WITH EXPERIMENT 

Recently, most effort of theoretical few cluster studies has been con- 
centrated on the A = 7 systems TLi and /Be. Therefore I will pick these 
systems as typical examples. The interest in these systems arose because of 
their keyrole in the understanding of the present solar neutrino problem!®, 
and because of the nuclear physics problems emerging from the rich structure 


of states and resonances at low energies with high orbital angular momental?. 


12 4 6 


—= E(MeV) 
— E/MeV —= 
Figure 2a Figure 2b i 
Calculated t-‘He phase shifts, Calculated “He-‘He phase shifts, 
adopted from ref. 10. The arrows adopted from ref. 21. 


indicate the 61 i-n thresholds. 


This rich structure, together with the many low-lying thresholds, raise the 
main technical difficulties, which prevented till now thorough theoretical 
studies. On the other side the many thresholds open a wide field for 
experimental investigations, compare fig. 1 for the experimental situation. 
Two groups reported recently multichannel calculations for the systems 14 
and 7Be, one using the techniques of chapter 2,110,20 and the other those of 
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chapter 2,221 respectively. 

Let us first compare the input of the two calculations. Since it is common 
believe, that the cluster structure of the 7.4 ground state is predominatly 
att, the lowest threshold, both groups took the (4,3)-cluster structures into 
account. Also the next threshold, 6Li-nucleon, is found in both calculations, 
see fig. 1, afterwards the input differs. A central force only is used in ref. 

f 6(°) 10 and 20, hence, with the cluster 
be structure a+ d for ®Li there are 
only two low-lying positive parity 
states, the ground state with®+ d 
in relative s-state and one excited 
state with relative d-wave. In con- 
trast to that, ref. 21 employs cen- 


tral, spin-orbit and tensor forces, 

hence, the d-wave state splits into 

a 2 4 4 ‘three td —statess3* 92 Vand le ewan 
ne roughly the experimental energies, 


see fig. l. 


snap 
-60 
2 4 6 8 10 12 ; 
——= E(MeV) O26, ae 6 i eB ae Oe (MeN 
Figure 3a Figure 3b 

The large 7/2--phase shifts for SHe-"He Same as fig. 3a, but the Li-d 

full line) and °Li -p channels channels omitted in the calculation. 

dotted line). The data are from refs. 
22, 23, ZAic 


Furthermore, the (5,2)-cluster structures are taken into account in ref. 
21, whereas it is claimed!9,20 that it is a good approximation to omit these 
structures, because of the Pauli principle. I will demonstrate in the 
following that this is not the case. 

MN Walls 2 NESE ShhlinesS Wor QlaAsiciie scattering of t (resp. 3He) on 4He for 
the two calculations are displayed, demonstrating the advantages of both 


approaches, large energy range versus more detailed description. In comparison 
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with experimental data, we find, cf. fig. 3a, that a detailed description is 


essential in reproducing the data. I will just pick this example to 
demonstrate that in the understanding of the detailed experimental information 
it is vital to include the (5,2)-cluster-structures. 


At low energies a beautiful L = 3 resonance in the (4,3)-channels appears 
in all calculations. The calculations without (5,2)-structures, cf. fig. 2a 
and fig. 3b, MA) 


the full calculation, 


show no second resonance, 
Gis Wiles Sclks 


contrary to experiment , whereas 


exhibits the resonance, even at the right 
energy. 

Let uS examine the situation in 
3b shows that the Fo S22 S=3 


more detail. Fig. 


resonance occurs within the (6,1)- 
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structures in the Oa (3*)=p channel 
SP a7, i.e. in a channel with channel 
spin 7/2. Together with the internal 
orbital angular momentum of the 61 j 
excited state of 1 = 2, the spin S has 
to be 3/2, thus leading to a Young 
tableau for the orbital 
Ae Le 
conserve spin (neither orbital 
try), 
effect can be seen in the 3He- phase- 


Symmetry of 
Now the tensor force does not 
symme- 


therefore some small coupling 


aren BB 


resonant 
structure 
Sap Sei 


Ap «oo 
Vy 
S70 S=2 Se Mp 


6; i") 


SLi 


OD x O1)+> 
4He 3He 
Figure 4 


Young tableaux for the 7/2” reson- 
ance. The arrows indicate couplings 


via central forces. 


shifts at the resonance energy, cf. 
fig. 3b. This tiny effect corresponds just to the occurence of threshold 
however 


states, as discussed in ref. 24. Here, , we observe a tremendous ef- 


fect; we find in the full calculation (and in the experimental data) the 


resonance just in the initially non-resonant channel. Hence, the coupling 
between the resonance and the (4,3)-channel has to be mediated by a strong 
force, the central force being the only strong one. Here the (5,2)-channels 
3/2 and S 


this (at the resonance 


come into play. The SLi-d Se = 3/2 channel decomposes into spin S = 


= 1/2 components. Hence, in the interaction region, 
still closed) channel brings about a mixing of the 4He - 3He spin 1/2 channel 
with the Siia=p spin 3/2 channel via the central force. 
illustrated where the total 


Littlewoods rules are indicated by Young tableaux for the dominant orbital 


This situation is 
iin iG Uo spin-isospin symmetries according to 
symmetries. 

This example demonstrates that a cluster decomposition, which contains 
other symmetries than those considered already (or mixes those symmetries) may 


be necessary in order to reproduce the behaviour of the experimental data. As 
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another, typical example we show in fig. 5 that a multistructure calculation 


allows to reproduce experimental data in different channels simultaneously. 


Figure 5 
Comparison of calculatedé! and experimental @2 25,26 1/2- phase shifts for 3He- 
4ite (full line), 5Li-p (dashed lines) and SLi-d channels (dashed-dotted line). 


In fig. 6 the analysing power in elastic 3He- scattering at 8 and 10 MeV 
is displayed, indicating that also experimental observables are neatly 
reproduced. The deviation between data and calculation at 10 MeV is due to the 
cutoff in orbital angular momentum at 1 = 3 in the 3He - 4He channels and 1 = 
2einet hes Olan p channels. This cutoff had to be applied in order to reduce 
the computing time2! necessary. 


4, OUTLOOK 

The above examples show the versatility of the cluster-model in the 
description of light nuclear systems. We are still, however, left with the 
problem, that the two approaches do not yet combine all advantages, i.e. large 
energy range, higher mass number and faster calculation techniques to allow 
for more cluster structures or more coupled channels. 

It seems to me that the techniques proposed to calculate the matrix ele- 
ments, either for the integral kernels or for the algebraic method should give 
ample space to reach the above aim. Using harmonic oscillator functions or 
those described below eq. (19), the larger energy range seems easily accessi- 
ble. It should be noted, that already in the most recent calculations by 
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TanglO the integral transforms 
technique28 is employed. But, 
this is still along the lines of 
reducing the antisymmetrizer ina 
double coset decomposition29 and 
calculating all possible dif- 
ferent radial matrix elements. 

A possible major step in the 
direction of higher mass numbers 
and more efficient calculations 
is the use of SU(3)-recoupling 
techniques, studied by Hecht and 
Zahn30,31 for norm kernels. In 
this approach one has no more to 
calculate all different matrix 
elements from a double coset 
expansion (a number which in- 


creases rapidly from !2c to 10), 


but the matrix elements them- 


selves are calculated by SU(3)- 


recoupling coefficients, because Figure 6 

in the cases considered there is Comparison of calculated SHe analyzing 
a one-to-one correspondence bet- powers¢l with data at 8 MeV2/ and 

ween the irreducible representa- 10 Mev26, 


tions of the groups S, and SU(3). 

Even for different oscillator parameters calculational procedures are pro- 
poseds!, Till now, however, no efficient way of calculating interaction matrix 
elements via SU(3)-recoupling coefficients seems to be known in the general 
case. Therefore, only a gradual transition to the new methods seems to be 
possible. 

With the expansion of the relative motion wave function in terms of harmo- 
nic oscillator wave functions, high energies, up to the medium energy range, 
are accessible. Cluster reactions like 3He(4He,1 )/Li32 are waiting for a 
consistent description. In this extended energy range several questions arise: 
The crucial one, are the systems still dominated by a few cluster decomposi- 
tions and can these be approximated by binary fragmentations of eventually 
unstable particles, e.g. SLi - d channels in the example discussed. 

If this question is answered in the affirmative, then the interaction to be 
chosen is on the agenda. As discussed in the introduction, the restriction of 
the total Hilbert space to cluster-decompositions, i.e. a subspace, leads 
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unavoidable to the use of effective forces, which depend on the model space 
considered. All present interactions have been tested in small model spaces 
only and have to be studied in other spaces now. 

To illustrate the problem: At low energies there are thresholds of dominant 
cluster decompositions or of channels studied experimentally, which have to be 
reproduced using simple internal wave functions. Due to the absence of tensor 
force contributions in symmetric clusters, the central force is always en- 
hanced compared to the realistic nucleon-nucleon force determined from scat- 
tering experiments. This fact will lead to too attractive phase shifts at 
larger energies, an example is provided by the | = 4 phase shift in elastic 
3He - 3He-scattering>%. Therefore, if we want to describe higher energies we 
have to use central forces with a core, thus loosing binding energy. But, far 
from all dominating thresholds the exact threshold position should not matter. 

In conclusion, there is still an open field for studies in nuclear few 
cluster systems. 
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D-7400 Tubingen, W.-Germany 


1. INTRODUCTION 

A preconference on "Effective Interactions in Two- and Three-Cluster Sys- 
tems" was held at the University of Tiibingen™ during the week Aug. 15-21, 1983. 
There were 20 invited talks (60 min.) and discussion sessions. A summary 
follows. 


2. RESONATING GROUP INTERACTIONS 

The resonating group model may be seen as an approach to describe nuclear 
bound and excited states, as well as single- and multichannel scattering, by 
an equation for the relative motion of nuclear fragments, called clusters. In 
the resonating group equation, the clusters appear as structureless point- 
masses. All information on the internal structure of the clusters, on the forces 
acting between the nucleons and on the Pauli principle are incorporated in the 
effective interaction. The effective interaction is rather complicated, espe- 
cially in systems with more than two clusters. Much work has been done in 
finding methods by which the complicated exchange kernels can be derived. 

2.1. Technical Progress 

H. HOFMANN (Universitat Erlangen, W.-Germany) reported on progress in the 
further development of Hackenbroich's method. The latter is a generalization 
of the Hulthén-Kohn variational method to the multichannel case. All matrix 
elements of the linear equation, which represents the resonating group equa- 
tion, are calculated by a very flexible computer code which, however, requires 
an expansion of all wave functions and potentials into superpositions of 
gaussian functions or polynomial-times-gaussian functions. Especially the re- 
gular and (cut off) irregular Coulomb functions are represented, in the region 
of interaction, by sums of gaussian functions of different width. This tech- 


nique has worked perfectly well in all low energy applications. For higher 


*The preconference was organized by the Department of Physics, Hokkaido Univer- 
sity, Sapporo, Japan, by the Institut fiir Kernphysik der Technischen Universi- 
tdt, Wien, Austria, and by the Institut fiir Theoretische Physik der Universitat, 
Tiibingen, W.-Germany. It was sponsored by the Deutsche Forschungsgemeinschaft. 
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energies it becomes numerically unstable. H. Hofmann and his collaborators are 
now using a different expansion basis which is of the polynomial-times-gaussian 
type. The code can now be used also at intermediate energies. Some difficulties 
jin the evaluation of long ranged operators, like electromagnetic transition 
operators, have also been overcome. Some critical thought has been given to 
the use of phenomenological N-N potentials. A realistic potential with tensor- 
and spin-orbit components does not bind a harmonic oscillator a-particle with- 
out configuration mixing. A simple description of cluster ground states, how- 
ever, is needed to perform complicated coupled-channel calculations. H. Hofmann 
uses a purely central N-N potential for the internal motion of clusters and a 
realistic N-N potential for the relative motion. The philosophy behind this 
procedure is that phenomenological N-N potentials are effective potentials any- 
way, and that many features of nuclear reactions are more sensitive to acorrect 
dynamical treatment than to details of the potential. 

Y. FUKUSHIMA (Fukuoka University, Japan) reported on a new computer code 
which evaluates the exchange kernels of a multi-cluster system in analytic 
form. The code uses a complex generator coordinate technique. The N-N potential 
may have a tensor- and a spin-orbit part. Since the code can give the decompo- 
sition of the exchange kernels according to the particle exchange character, it 
can also be used for systematic studies of the Pauli effect. The code will be 
available for public use at the Computer Center of the University of Tokyo. 

In a method presented by S. OKABE (Hokkaido University, Japan, and Universi- 
tat Siegen, W.-Germany) the resonating group kernels are evaluated by expanding 
them into a set of orthonormalized wave functions which are created by permu- 
tation operators and which are classified by the concept of particle exchange°. 
The expansion is supposed to converge rapidly. 

The strength of effective three-cluster forces arising from hard core corre- 
lations has been discussed by S. NAKAICHI-MAEDA (Hokkaido University, Japan, 
and Universitat Tubingen, W.-Germany). The Jastrow correlation factor affects 
the shape of two-cluster effective interactions and it leads to an effective 
three-cluster interaction when three clusters are present>. In the A-A-a system 
the three-body force decreases the binding energy of around 10 MeV by 0.5-0.7 
MeV, depending on the hard core radius of the A-N potential. It is seen that an 
off-shell transformation which renormalizes the relative motion wave functions 
is crucial for getting this relatively small three-body force effect. 

2.2. New Applications 

A resonating group calculation on the a-decay width of 2!2Po has been dis- 
cussed by K. WILDERMUTH (Universitat Tiibingen, W.-Germany). The test function 
space used for this calculation’ consists of shell model configurations in the 
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interior region and a-*°5Pb relative motion states in the transition region, 
taking advantage of the fact that the resonating group equation does not re- 
quire orthogonal test function spaces. The addition of the a-298 Pb states is 
crucial for a fast convergence of the theoretical description. The calculation 
yields satisfying agreement with the experimental decay width and demonstrates 
that even a heavy nuclear system can be treated by the resonating group model. 
With a computer more powerful than the UNIVAC 1100/80 used for this calculation 
it would even be possible, and desirable, to enlarge the test function space. 

Y. FUJIWARA (University of Michigan, USA) reported on a coupled reaction 
channel treatment” of a three-cluster system A+B+C, in which A is an a-particle 
and B,C are two s-shell clusters. The full three-cluster resonating group ker- 
nels are evaluated in analytic form. The coupled reaction channels are (A+B)+C, 
(A+C)+B, and (B+C)+A, where the bound subsystems (A+B) etc. are either ground 
states or excited states. For an initial study, the method has been applied to 
the seven nucleon system with a,d,n for A,B,C and 2H+a, n+®Li and n+6Li* as 
coupled channels. Calculations have been performed with one, two and three 
channels. Two features are exhibited quite clearly: 1) Pauli resonances arising 
from the almost Pauli-forbidden states are present in the single- and two-chan- 
nel calculations and nearly disappear in the full three-channel calculation, 
11) keeping cluster radii fixed is not sufficient to prevent nuclear collapse 
in a multichannel calculation. 

A coupled reaction channel calculation on 1-?He scattering has been formu- 
lated by T. KATAYAMA (Hokkaido University, Japan, and Universitat Hannover, 
W.-Germany). The coupled channels are NNN, wNNN and ANN. The aim of the calcu- 
lation is a microscopic understanding of pion absorption in nuclei. 

A resonating group Faddeev calculation® on d-a elastic scattering and 
a(d,ap)n breakup scattering has been discussed by K. HAHN (Universitat Tlbin- 
gen, W.-Germany). Comparison with results of similar calculations with phenome- 
nological N-a potentials shows that the Pauli principle plays an important 
role. Phenomenological models give good results when the off-shell behaviour of 
the chosen potentials is in approximate agreement with the off-shell behaviour 


of resonating group potentials. 


3. SIMPLIFIED CLUSTER INTERACTIONS 

The effective cluster interactions appearing in the resonating group model 
are rather complicated expressions. There are two reasons why one tries to sim- 
plify them: i) by extracting dominant terms and neglecting the rest one can get 
a better understanding of their physical content, ii) one needs simple poten- 
tials for many practical applications, like analysis of experimental data etc.. 
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The need for better potentials in phenomenological models has clearly been 
demonstrated by H. OBERHUMMER (Technische Universitat Wien, Austria) who showed 
that in (off-shell sensitive!) cluster transfer reactions the absolute values 
of experimental and calculated cross sections sometimes differ by several or- 
ders of magnitude, even when the shapes agree rather well’. 

A class of simplified resonating group model potentials are the equivalent 
local potentials. H. HORIUCHI (Kyoto University, Japan) gave a report on his 
derivation of local potentials by the WKB method®. The potentials derived from 
the resonating group equation automatically incorporate the orthogonality con- 
dition of scattering states with respect to Pauli-forbidden states. As a con- 
sequence, the local potentials are deep. A detailed analysis shows that the 
one-nucleon exchange process dominates in the total exchange process, in the 
whole spatial region and at all energies. When volume integrals are used for 
making a comparison, the energy dependence and mass number dependence of the 
equivalent local potentials agree well with those of phenomenological poten- 
tials for light ion scattering. Horiuchi criticized approaches which lead to 
shallow effective cluster potentials and emphasized that the main effect of the 
Pauli principle is to shorten the wave length of the relative motion wave func- 
tion in the region of overlap and, consequently, to deepen the effective poten- 
tial. His local potentials do not show a Pauli barrier’. This may be due to the 
limited accuracy of the WKB calculation, or due to the possibility that the 
Pauli barrier is only present in the fish bone optical model where it has been 
found. 

R. LIPPERHEIDE (Hahn-Meitner Institut, Berlin, W.-Germany) discussed an in- 


version method? 


which is based on the Bargmann method. Instead of considering 
fixed angular momentum and continuous energy he considers fixed energy and con- 
tinuous complex angular momentum. The inversion is achieved for two classes of 
scattering functions which have the form of certain rational (nonrational) func- 
tions in the complex angular momentum plane. If the phase shifts for fixed 
energy E and integer angular momentum 2, calculated from some original potential 
or taken from experiment, are interpolated by these rational (nonrational) func- 
tions, the corresponding local potential can be calculated in a simple manner. 
Lipperheide presented many examples of inversion calculations in nuclear and 
atomic scattering and compared the results with those of other inversion 
techniques. 

H. FIEDELDEY (University of South Africa) showed that the local potentials 
derived by Horiuchi are good approximations to 2-dependent, exactly Wronskian 
equivalent local potentials. Although the latter potentials are exactly phase 
equivalent, they are not wave function equivalent. They can be made wave 
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function equivalent by introducing an additional velocity dependent term. This 
term can be absorbed by the kinetic energy part of the wave equation if one 
allows the reduced mass to depend on the distance. In a typical resonating 
group example, the mass has its full value at the origin, drops to 70-80% of 
its value at intermediate distances and gets its full value again at larger 
distances. Of course, one has to know the resonating group wave functions, and 
not only the phase shifts, to determine the mass function. 

Another class of potentials which can be used for inverting resonating group 
scattering functions is given by the fish bone optical model t?, H. KLAR (Uni- 
versitdt Tubingen, W.-Germany) showed numerical results. He considered three 
cases Of a resonating group model for a-a scattering. The three cases differ by 
the choice of the N-N interaction: a) a purely attractive gaussian potential 
with Serber exchange mixture, b) same as (a) but different width for singlet 
and triplet interaction, c) the Volkov-I potential. In each one of the three 
cases, the fitting parameters of the fish bone optical model were adjusted to 
reproduce the phase shifts for fixed 2 and 0 < E < 20 MeV. Then the wave func- 
tions of the fish bone optical model were compared with the corresponding re- 
sonating group wave functions. Fig. 1 shows the result for 2 = 2 and 4 Me\V™. 


0.0 2.0 4.0 6.0 


FIGURE 1 
Relative motion wave functions of a-a scattering at 2 = 2 and 
4 MeV (c.m.) are shown. Full lines: resonating group model with 
three different N-N potentials (see text). Broken lines: corre- 
sponding phase-equivalent fish bone optical model. 


*In order to exhibit the essential feature, the depths of the N-N potentials 
have been modified so that the three phase shift curves intersect at 4 MeV. 
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It is seen that the fish bone optical model, while only using phase shifts and 
norm kernel information as input, reproduces rather accurately resonating group 
wave functions. The wave functions of the three resonating group cases differ 
much more from each other than the wave functions of the fish bone optical 
model differ from the corresponding resonating group wave functions! Similar 
results were obtained for 2 = O and 4 and for other energies. 

G. SPITZ (Universitat Tiibingen, W.-Germany) showed that the effect of a hard 
core in the N-N potential can be incorporated in the fish bone optical model. 
He solved the eigenvalue problem of the resonating group norm kernel with 
Jastrow correlations and calculated the shape of the direct potential for the 
n-a and a-a systems. Only a slight modification of the calculated direct poten- 
tial was needed to fit the experimental phase shifts. 

H. LEEB (Technische Universitat Wien, Austria) reported on a consistency 


check of optical model potentials’. 


When a m-a optical potential is a physical 
quantity, rather than a mathematical parametrization of experimental cross sec- 
tions, and when the same is true for a a-!60 potential and an a-!®0 potential, 
then it should be possible to describe 1-29Ne scattering by these three poten- 
tials, provided that 29Ne is well-described by an a-!0 quasi-molecular state, 
and provided that three-body forces in the m-a-!&0 system are small. The nume- 
rical calculations are based on m-a, n-!60 and 1-2°9Ne potentials given by 

R.H. Landau and on the three-cluster fish bone optical model. Results indicate 
that there is consistency, even though the calculations are incomplete because 
the transition of the target nucleus into states of the a-!®0 rotational band 
has not yet been considered. 

A numerical study by R. KIRCHER (Universitat Tlibingen, W.-Germany) shows 
that the unitary interpolation method?» is a powerful tool for converting po- 
tentials into rank-r separable potentials, when phase shifts as well as wave 
functions have to be reproduced in a given energy range. 


A SRECTALS TOPICS 

An interesting report on "anomalons" was given by Y.C. TANG (University of 
Minnesota, USA). Anomalons are nuclear fragments, produced in relativistic heavy 
jon collisions, with an anomalously short mean free path in nuclear emulsions. 
The nature of such objects is not yet fully understood. Tang et al. have made 
the hypothesis that anomalons are excited nuclei in a quasi-molecular state 
with very large radius. The observation of a large asymmetric fission yield in 
the interaction of relativistic Au projectiles with nuclear emulsions seems to 
Support the hypothesis. Tang proposes quantitative studies on the characteris- 
tics of the potential energy surface of medium and heavy nuclei and on the 
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excitation mechanism and probability of quasi-molecular states associated with 
the second minimum of the potential energy surface. 

H. TANAKA and Y. AKAISHI (Hokkaido University, Japan) gave a report on 
three-nucleon forces. There is direct experimental evidence for the existence 
of a three-nucleon force, because the n-n effective range parameters derived 
from the d(n,p)nn and the d(m~,y)nn reactions are not equal. The theoretical 
investigation of boson exchange processes yields a tentative mathematical form 
of the three-nucleon potential, which has been tested by ATMS calculations on 
the ground and excited states of the a-particle. It is seen that the three- 
body force offers the simplest remedy to the discrepancy between experiment 
and models with only two-body potentials. The three-body force also enhances 
the meson exchange current effect and tends to bring the second maximum of the 
charge form factor of the a-particle into agreement with experiment. 

S. ORYU (Science University of Tokyo, Japan) presented test results on bound 
State Faddeev calculations which include a screened Coulomb potential. The cal- 
culations were done for the ground state of jBe with a fish bone model a-a po- 
tential and a local A-a potential of gaussian shape. The computer code uses a 
generalized separable expansion method and is rather flexible as to the choice 
of subsystem potentials. 

Y. KOIKE (Osaka University, Japan) has extended his Faddeev code to sepa- 
rable potentials of higher rank and gave a survey on n-d breakup results. 
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RELATIVISTIC EFFECTS IN FEW NUCLEON SYSTEMS 


Franz GROSS 


Dept. of Physics, College of William and Mary, Williamsburg, VA 23185, USA 


The discussion session on relativistic effects was moderated by Professor 
Walter Gléckle, of the Universitat Bochum. This report is divided into two 
main sections on (1) relativistic few body equations and (2) relativistic 
calculations of matrix elements. In some places the discussion is incorpo- 
rated into the text, but a number of issues pertaining to the first topic 
are summarized separately in part 1.3. 


1. RELATIVISTIC FEW BODY EQUATIONS 
Relativistic equations can be written in the following very general form 

M= V+ VGM Clb) 

where M is the scattering amplitude, V is the kernel or relativistic potential, 

and G the propagator. If VY is in some sense small, Eq. (1) can be solved by 

iteration as shown diagrammatically in Fig. 1 for two particles. We see that 

the equation can be regarded as a means of summing a generalized Born series, 

or summing an infinite number of diagrams. If V is small, the solution to (1) 


will not differ significantly from taking VY alone, and the equation is not 
) \ 
ine ADe* occa 

1 


FIGURE 1 


doing much for us. However, when V/V is large, the Born series will not exist, 
but the solution to (1) will. In this sense relativistic equations enable us 
to treat non-perturbative problems, 

Eq. (1) is so general that almost any equation fits that form. Relativistic 
equations are defined by the rules used to determine the propagator and the 
kernel. Three major methods exist for defining G and /, and a review of these 
serves to introduce the reader to the major approaches to the relativistic few 
body problem. After this review, the issues of convergence will be discussed, 

1.1. Methods of Constructing Relativistic Equations 


a. Methods Based on Feynman Diagrams 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
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In this method it is assumed that a subclass of relativistic Feynman dia- 


grams will give a reasonable account of the dynamics. 
monly chosen is the sum of all ladders and crossed ladders. 


to 6th order is shown in Fig. 2; 
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is shown in Fig. 4. 


The subclass most com- 


The ladder sum up 


the 6 additional crossed ladder diagrams which 


must be added to the ladder sum to this 
order are shown in Fig. 3. 

I will describe three different 
choices of G which correspond to three 
different ways of summing these diagrams. 


The Bethe-Salpeter (BS) equation! 


uses 
the full, unconstrained propagator for G, 
so that irreducible terms which make up 
¥ ane those civen in Bigs 2a,)3a, be) e> 
f. If any of the other diagrams shown 
in Figs. 2 and 3 were included in V, we 
would be double counting; diagrams 2b 
and 3c, d are all obtained by iterating 
2a and 3a; diagram 2c is obtained by 
iterating 2a twice. 

Alternatively, we may constrain the 
two-body propagator in some way, as in- 
dicated by the vertical dashed lines 
shown in Fig. 1. In this case only part 
of the box diagram, 2b, or the other dia- 
grams 2e, 3c, d are included when V is 
iterated. The 4th order kernel for an 


equation with a constrained propagator 


The kernel now contains more terms, but diagram 4c and d 


are usually treated together and are referred to as the subtracted box for ob- 


FIGURE 4 


vious reasons. Note that, if G were un- 
constrained, the subtracted box would be 
exactly zero. Equations which use con- 
strained two body propagators are the 
BBS* , Todorov’, and an equation I intro- 
duced in which one of the two particles 
is restricted to its mass shell, which 


Powali@nre ker tovaseGy, 


For those who dislike derivations 


based on diagrams, I present an alge- 
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braic discussion. Let G be a propagator corresponding to a different prescrip- 
tion from that employed in Eq. (1), with corresponding potential VY, Then it is 


easy to demonstrate that Eq. (1) follows from the two equations: 


M = V + VCGM (a) 

V = = Stree WA (G-G) V (b) (2) 
This "derivation" shows that either Eq. (1) or Eq. (2a) can be used to calcu- 
late M; Eq. (2b) merely tells how to obtain one kernel from the other. If 

G = G (BS), and G is one of the constrained propagators, then the iteration of 
Eq. (2b) generates the diagrams shown in Fig. 4. However, the constrained equ- 
ations should not be regarded as an approximation to the BS equation. From a 
relativistic point of wiow, both are equally good starting points and tha aues- 
tion of which equation is "best'’ will depend on other criteria. 

The extension of relativistic equations to more than two bodies is a subject 
of increasing importance. All of the equations mentioned above can be extended 
but the BS equation is more complicated than the others; for N particles the BS 
equation has 4(N-1) integration variables while the constrained equations (in 
common with non-relativistic equations) have only 3(N-1). It is important that 
any N body system of equations satisfy the cluster property, which means that 
any subsystem of n < N particles must be dynamically independent of the others 
when the others are beyond the range of the forces. Only the BS and the G, eq- 


uations satisfy this requirement; the latter was recently proved for the 3 body 


system>. 
Q Q Qa" Q’ Q.Q° QQ’ Q CRs) 
‘z | yy manal 0G) b. Methods Based on Time or t Ord- 
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is based in consideration of time-ord- 


Vos of. eae ered or t-ordered diagrams. It is pos- 
(8) (t) (9) (n) sible to formulate field theory on 

the light front, which loosely speak- 
ing refers to quantizing fields at eq- 


ual values of t = t-z (the velocity of 


light c is taken to be unity). The 
variable conjugate to t is tie Ep» 


which now plays the role of the energy. 


This approach bears a close formal re- 


semblance to old fashioned time ordered 


perturbation theory, where the fields 


are quantized at equal times. The equ- 


ation for one boson exchange in the 


FIGURE 6 


context of the light front is known as 
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as the Weinberg Equation®, and several authors have used these techniques in 
recent years’—10, 

While there is some formal resemblance between t ordered diagrams and time 
ordered diagrams there is a profound difference which cannot be overemphasized. 
The t ordered formalism is manifestly covariant at every step while time order- 
ed perturbation theory breaks covariance. This is related to the fact that tis 
invariant under boosts in the z direction, while t is not. A disadvantage of 
the light front formulation is that it breaks manifest rotational invariance. 

Bhalerao and Gurvitz!! have recently discussed what they refer to as a 
"noninstantaneous approximation to the Bethe-Salpeter equation". While based 
on a time ordered formalism, and hence not strictly covariant, it is also simi- 
lar to the way in which / would be constricted in the Weinberg equation. Con- 
tributions to Y in the 6th order ladder approximation are shown in Fig. 5 (dia- 
grams in which the nucleons are moving backward in time must also be included). 
To these must be added the crossed ladder diagrams, some of which are shown in 
Fig. 6. Note that a single Feynman diagram generates a large number of time or 
t ordered diagrams. 

An advantage of these formulations is that they can be readily extended to 


We 


N>2 bodies. Namyslowski and Weber have shown that the three body Weinberg 
equation satisfies the cluster property. 
c. Methods Based on the Poincare Algebra 
The third method that I wish to review is based on consideration of the Poin- 
caré Algebra. The Poincaré, or inhomogeneous lorentz group is described by 10 


generators: 


(time translation - energy) 
(space translations - momentum) 


(rotations - angular momentum) 


Ar+aytwy+ a 


(boosts) 


These generators satisfy a closed algebra which can be used to determine some 
of the generators in terms of the others, An explicit construction for genera- 
tors which satisfy this algebra for a many body system was first given by 
Bakamjian and Thomas (BK) in 19531314, They assume that independent conjugate 
position and momentum operators exist for each particle, which for two parti- 
cles can be denoted by ean he, and apie Then conjugate pairs of total 
{R,B} and relative {x,p} position and momentum operators are defined which com- 
mute with each other. To construct the generators, a mass operator M, which 


contains the interaction v is first constructed, 


c : 
We Ce Dt, tp) uae) (3) 
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Note that it is assumed that v depends only on the relative position and momen- 
c a ye aye 2 
tum. Im terms of M and 2 =r x p, the Poincaré generators become 
1 
H =(M? + p2)? 


J= R x Pp “A L 


{l 
= 
Poy 
< 

= 
mm 
= 
=. 


P (4) 
H 


Note that any interaction v can be used as the basis for a relativistic theory, 
and hence this approach makes no restrictions on the dynamics. In this way it 
is different from the two approaches described above, 

The BK procedure can be extended to N>2 bodies, but the resulting generators 
do not satisfy the cluster property and hence are unsatisfactory. Recently 
Coester and Polyzou!®, using ideas developed by Socoloyv, have found a way to 
extend the BK construction to an arbitrary number of particles in such a way 
that the cluster property is satisfied. The construction gives H and Kas a 


sum of terms 


H H, + Vy ai V3 Foe etVy 


(5) 
on Cee aga Se 
where Hy and K, are interaction terms involving i particles. Hence the con- 
struction permits arbitrary interactions involving 2,3,...N bodies. 
d. Other Methods 

Recently, Glockle and Muller!®have obtained a relativistic equation by start- 
ing with the form of the generators obtained from a Lagrangran field theory. 
They introduce a transformation which separates the NN sector from the NN and 
other sectors by block diagonalizing the generators. This method provides an 
interesting bridge between the methods described in parts (a) and (c) above. 

The two body equation they obtain has a second order kernel identical to the 
Gy equation, but the propagator contains only positive energy contributions 
from the nucleons, a consequence of the diagonalization procedure. 

Another approach to the relativistic N body problem has been given by Linde- 
say and Noyes!’. They refer to their method as a "zero range scattering theory's 
it gives unitary 3 and 4 body equations which depend only on two-particle phy- 
sical observables as input. Numerical results have been obtained for three-par- 
ticle bound states, elastic scattering and rearrangement of bound pairs with a 
third particle, and amplitudes for breakup into states of three free particles. 

1.2. Convergence 

It is important to know how well any of these procedures converge to the re- 
sult it is trying to obtain. For the wave equations based on either Feynman or 
time (t) ordered diagrams, this reduces to the question of how rapidly the in- 


finite series for the kernel VY converges. For methods based on the Poincaré 
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algebra, this reduces to assessing the validity of the (v/c)* expansions on 
which applications of this method usually rely. 

For scalar particles, it has been known for many years that there are signi- 
ficant cancellations between ladder and crossed ladder diagrams. Recently!® ats 
was shown that this cancellation is exact in the limit where one of the two 
particles has spin zero and infinite mass M, regardless of the mass ™ or spin 
of the other particle. In this case one obtains the exact result for the lad- 


der and crossed ladder sum by using the G, equation, where the heavy particle 


1 
is the one restricted to its mass shell and the kernel is given by one boson ex- 


change (OBE). Stated in other language, when M>~, the higher order terms in V 
cancel, leaving only the second order term corresponding to OBE, This means 
that in 4th order the subtracted box (Fig. 4c and d) cancels the crossed box, 
(Fig. 4b). In the M+» limit, a one body equation (Dirac for spin %, Klein 
Gordon for spin 0) is obtained for the light particle. This cancellation is 
not obtained for the BS equation; since there is no subtracted box in 4th order, 
there is nothing to cancel the crossed box. The implications of this result 

are clear; the BS equation is less convergent than the equations with a re- 
stricted propagator. 


The same te cancellation has also been observed to work in 4th order for 


two spin 4 particles in QED and for a realistic theory of pseudoscalar isovec- 


tor pions interacting with spin 45 nuc- 


leons in a manner consistent with chi- 


1 ‘ 1 ny 77 
4 
= F + 4 ral symmetry!®, The latter example in- 
t ' ' | " \ 
ht — es ee cludes a y° NN coupling and a o-like 
(a) (b) (3) NN2m contact term necessary to preserve 
chiral symmetry to order et. The terms 
ae ee ie nee is ages : which contribute to the 4th order ker- 
ii “ =f Nes + + ‘ ' A > 
me OF Wy 2a nel are shown in Fig. 7; the heavy dot 
a afi ose io, pee ee ge 
in the figure is the o contact inter- 
(d) (e) (f) ; 
action. When these diagrams are regu- 
FICURE 7 larized by including form factors at 


the vertices (for consistency, the o 

contact term includes a form factor 
which is the square of the form factor at the 7NN vertex), they cancel in the 
M>eo limit. The leading isovector exchange term, Ty+To» cancels when the sub- 
tracted box (Fig. 7a and b) and crossed box (Fig. 7c) are added, and the lead- 
ing isoscalar exchange part which remains is cancelled by the diagrams involving 
the contact term. This cancellation was demonstrated for an entire family of 


equations with restricted propagators in reference!®, but only in the case 


when one particle was restricted to its mass shell was the potential resulting 
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after the cancellation energy independent and local (to order M!). 
Bhalerao and Gurvitz (BG) do not observe this cancellation in their equa- 


11, It is instructive to see why this is so*®, For spinless particles, 


tion 
their propagator is identical to the GC) propagator but their potential is dif- 
ferent. If we denote the three momentum of the final state by p, and the ini- 


tial state by p', then the second order potential in the two cases is 


Bac: l at ied 
Moa 2w wtAE ij w-AE 
ete l 
where Vis the Gy potential and Ves the BG potential, and 
AE = E'-E ; 
4 DW 
i= (2 + (p-p') ) (7) 


5 L. 
and E = (M2+p2) ?, When the initial and final states are both on shell, |p|=|p" | 
and AE=0. Hence the two choices are equal on shell. The first place where this 
difference can show up in the physical scattering amplitude is in 4th order, 


where the two theories give 


2» Voy (8) 


where Vy, is the contribution. from the crossed box, equal in both cases when 


M>o, Hence 


Ve ie 2a oy EG. oe) 
V5 Von) © Von op C7, Von) * Vane Vou 
=V,,, + AVGAV + AVGV,, + V,,GAV (9) 


A calculation of the additional terms on the right hand side of (9) shows that 
they are precisely what is needed to cancel Vay? giving the famous Vee: I 
interpret this result as a demonstration that the BG approach is not as conver- 
leads to a 4th order potential V 


gent as the G, approach since the choice V 


1 2b 4b 


which is not small, while Wes gives a potential Ve which is small. The BG 
approach suffers from a difficulty similar to that of the BS equation. 

Numerical studies of convergence tend to confirm these observations. Numeri- 
cal phase shifts for four different choices of coupling constant for a meson 
mass u=m, are given in Figs. 8 and 9, taken from reference*!, Fig. 8 shows the 
BS equation and Fig 9 the BBS equation, and in both cases V2 is the second order 
kernel (OBE) while V2+V4 is the full kernel up to 4th order. The differences 


between V2 and V2+V4 are significantly smaller for the BBS equation (particu- 
larly for case (d) where the coupling constant is large) suggesting a much 
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better convergence for the BBS. This is a consequence of the cancellations de- 


scribed above, which the BBS equation also enjoys. One puzzle remains, however. 


r —) 
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When the numerical phase shifts for the G, equation are compared to the BBS eq- 


a 
uation (using the second order kernel) significant differences are found. This 


is hard to understand, because both the BBS and the’G, equation have the same 


il 
cancellation and should therefore converge rapidly. Perhaps they are converging 
to different final results, opening up the possibility that these equations are 
not equivalent, even when the kernel is calculated to infinite order, as has 
often been assumed. 
1.3. Discussion 

Three main issues emerged from the discussion which grew out of the ideas 
reviewed in this section. 

The first pertains to the use of equations which are constructed from 
consideration of the Poincaré algebra, as presented in Sec. c. What value are 
such equations when the dynamics is completely arbitrary? A rather clear and 
useful answer was given by Coester and Wiringa?*. They point out that such eq- 
uations enable us to determine the size of some relativistic effects, without 
claiming to give a unique or complete answer, and without fixing the size of 3 
and 4 body forces, some of which could be of relativistic origin. In a paper 
presented to the conference, they estimate the size of relativistic corrections 
to the binding energy of the triton and alpha particle arising from terms invol- 
ving the two body interaction only. Expanding their results to order ee they 


obtain for the leading relativistic corrections 


uy 
Pp. 
als Al iy) 2) 
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where Nee is the two body interaction between particles i and j related to wv of 
Baie G3)! by) 
it ; - 1. a 1. 
Vo ete) Ye Cmetp (11) 


The same terms also give a correction to the deuteron binding energy. If V is 
rescaled so as to absorb this correction, fixing the deuteron binding energy at 
its correct value, the relativistic corrections obtained from equations (10) 
increase the binding of the triton (alpha) from -6.9+0.1 MeV (-22.4+0.4 MeV) to 
-8.6+0.5 MeV (-26.7+1.4 MeV). They conclude that these relativistic effects are 
comparable in size to the three-body forces calculated in reference”*, 

Glockle pointed out that the expansion in powers of m7! can be quite in- 
accurate. Muller** found that the p/m expansion gave a result almost twice as 
big as an exact calculation of the relativistic corrections to first order. 

A second issue concerns the criteria by which one should judge whether any 
particular relativistic equation will be suitable for nuclear physics. I have 
emphasized the desirability of having an equation which is convergent and satis-— 
fies the cluster property. Another desirable feature, suggested in the discus- 
sion, is that the equation should have no solutions with negative mass. T.E.O. 
Ericson also suggested that solutions of the equation should be independent of 
the mixing between y> and yoy" couplings for the pion. This is motivated by the 
observation that it is possible to transform from one of these couplings to ano- 
ther by a unitary transformation. However, to make this transformation exact 
requires that contact terms involving pion fields of all orders be included. 
Most equations treat the interaction exactly only to small finite order, treat- 
ing higher order interactions approximately, and hence are unlikely to be able 
to satisfy this requirement exactly. 

Finally, S. Brodsky suggested that, because the nucleon is composite, it 
is doubtful that the field theory of nucleons and mesons should be taken so seri- 
ously. He argued that the underlying quark degrees of freedom must be taken in- 
to account, and that in the long range domains where the compositness of the nu- 
cleon can be ignored, non-relativistic equations are sufficient. The alterna- 
tive view is that the ultimate usefulness of meson theory will depend on the ef- 
fective confinement radius R. If R is small (less than 0.5fm) meson theory may 
be quite successful in describing a large class of nuclear phenomena and in such 


a case it will be necessary to have a relativistic theory, since small R implies 
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large momenta and significant effects due to relativity. Im any case, relati- 
vistic meson theories will play a useful role by providing a calculable alter- 
native against which to compare models which treat quark degrees of freedom ex- 
plicitly. Ironically, the more serious and careful the attempt to explain nuc- 
lear phenomena using relativistic meson theory, the more likely discrepancies 
are to be taken seriously and the more rapid will be our progress toward isola- 
ting effects which require explicit treatment of the underlying quark degrees 
of freedom. 
2. RELATIVISTIC CALCULATIONS OF MATRIX ELEMENTS 
Obtaining solutions for wave functions and scattering amplitudes is only part 
of the goal in nuclear physics; once obtained, they must be used to calculate 
matrix elements which describe how few body systems interact with probes, such 
as electrons, pions, and protons, In what follows I will focus on interactions 
with electrons, which are assumed to take place through the one photon exchange 
approximation. This requires a calculation of matrix elements of the current 
operator, which are related to form factors. The techniques employed parallel 
the different techniques discussed in Sec. 1 above. 
The current operator must be consistent with the dynamics assumed for the 
underlying few body relativistic equations. This is best illustrated by an ex- 
ample. In the context of the Gy equa- 
tion, assume that the dynamics are sa- 
Sarr] ae ar RL Syyor tisfactorily described by the OBE ker- 
, nel (Fig. 10a), the subtracted box (Fig 
10b) which will be drawn with a small 
FIGURE 10 circle on the second particle to indi- 
cate that it is the sum of two terms 


Fig. 4c, d, and the crossed box (Fig. 


10c). Then, if the mesons are neutral, 
the current operator is as shown in 
Fig. lia-e. If the meson ds’ charged, 

a d 


the additional diagrams shown in Fig. 
lld-f must be added. The point is that 
the current operator is uniquely deter- 
mined; it will contain precisely those 
terms which are in the kernel, suitably 


modified to include the photon inter- 


action, 
(o i® F 
These remarks imply that the two me- 
FIGURE 11 son exchange current can be expected to 


be important, since experience has 
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taught us over the last decade that the two meson exchange diagrams are impor- 
tant in the nuclear force, 

This approach has recently been attacked by Gurvitz*°. However, I believe*® 
that his arguments are wrong, and that there are none of the ambiguities or 


large effects he claims to find. 


The current operator can also be determined in the context of approaches 
which use the Poincaré algebra. Here, as has been emphasized by Coester*’, the 
current operator must be consistent with the Poincaré algebra and with the wave 
functions used. In particular, to order (v/c)* the current operators must sat- 


isfy the commutation relations 


> = 
HS ol = Vila 
> > fi > 
LN PAS sec al Bex 
i [K,»5,}= Pits) oe iz, 3,] x (12) 
Friar has recently completed a detailed comparison of the deuteron form fac- 


tors obtained using this method with results obtained using Feynman diagrams*®, 
He finds that a unique answer cannot be obtained unless one uses a deuteron wave 
function consistent with the current operator. For example, if > is a deu- 


teron wave function consistent with the operator op, and we introduce a unitary 


uld> 194) 


eae 
UpU Px (13) 


<s"lele> = <o", 10,1,» (14) 


which is merely the statement that matrix elements are invariant under unitary 


transformation such that 


then 


transformations. However, when faced with any given phenomenological wave func-— 
tion ly obtained from a fit to the NN phase shifts, it may not be clear whether 
to calculate <' lol» or Lt" lo, | or another matrix element using some other 
unitary transformation of p. I emphasize that a relativistic approach in which 
both the wave function and p are calculated using the same dynamics will not 
suffer from these problems. 

What experimental evidence do we have for relativistic effects? This is a 
difficult question to answer, because relativistic effects are intertwined with 
other aspects of the dynamics. However, the electro -disintegration of the deu- 
teron to a threshold final state*?, which is usually cited as evidence for the 
existence of meson-exchange currents,is more properly evidence of relativistic 
effects°9, And in a paper presented to this conference, and published else- 
where °!, Cambi, Mosconi, and Ricci have shown how a relativistic correction 


seems to have resolved the long standing discrepancy in the forward photodisin- 
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tegration of the deuteron. For a discussion, see the account given by Gibson 


in his talk at this conference’. 
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THE GREEN'S - FUNCTION MONTE-CARLO METHOD IN FEW-BODY CALCULATIONS 


JOHN G. ZABOLITZKY 


Institut fiir Theoretische Physik Universitat zu Koln, W.-Germany 


The few body Schrodinger equation is solved for the ground state without 
approximations by means of the Green's - Function Monte-Carlo method. The re- 
sults are subject to only statistical error which may be made arbitrarily 
small in the case of many-Boson systems, and hopefully sufficiently small 

in the case of Fermions. The method is outlined and selected results for 
light atomic nuclei, droplets of Helium atoms and small molecules are 

given. 


1. INTRODUCTION 

In spite of the zero temperature regime being an almost negligible part of 
physical phenomena, the ground-state solution to the many-body Schrodinger equa- 
tion is of considerable importance in several branches of physics and chemistry. 
In previous years for most cases of physical interest solutions free of approxi- 
mations have been rather scarce. The equivalence between the Schrodinger equa- 
tion and the diffusion equation has at least been recognized by 1949 by Metro- 
polis, Ulam and Fermi opening up the possibility of approximation-free compu- 
ter simulations by solving an equivalent diffusion problem. An efficient algo- 
rithm, the Green's-Function Monte-Carlo method (GFMC) has been devised by Kalos 
and collaborators eal more than 10 years ago. Applications have been mainly to 
infinite systems aa approximated by finite systems with periodic boundary con- 
ditions. There is only a small number of calculations reported because of in- 
sufficient computational resources. In the present paper I review applications 
to few-body systems with particular emphasis on the problems arising in the 


case of Fermions as opposed to Bosons. 


2. THE GREEN'S-FUNCTION MONTE-CARLO METHOD 

Since it is not possible here to indulge in a detailed discussion I will 
briefly outline the basic ideas. For the moment let me consider a problem of 
N interacting Bosons governed by the Schrodinger equation 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 


402c J.G. Zabolitzky | The Green’s-Function Monte-Carlo Method 


@ 
(--V_ 4, V(R)) VOR} =" E 8 CR) (1) 
R 


where the interaction V(R) is local but not necessarily pair-additive. R denotes 
the coordinate vector of the N-body system in 3N dimensional space, i.e. repre- 
sents the coordinates yee ey: Assuming the interaction V(R) bounded from below 
a shift of the energy scale may be introduced so that V(R) > 0 and EG = (We Ixoie 
a Bose ground state wavefunction we furthermore have ¥ (R) > 0. The bounding of 
y(R) is not essential but simplifies the discussions. If the Green's function 

2 3N 

(-V + ¥(R,)) G(R, 8) = § (R~ R,) (2) 

i 

were known, one could obtain the Ground-state wavefunction iteratively in the 


n—> » limit of 
y (M1) (R) = E, [2% G(R, Ry) v1") (Ry) fh 


where E. is some suitably chosen constant of dimension energy. The ground-state 


energy may then be estimated from 


no ‘ Sar y'") (Ry 
0 i 
Sar yi") (py (4) 


In order to have a stable iteration it is seen that the trial energy E. should 
be some estimate of the eigenvalue ES: 
Eqs. (3) and (4) are rather trivial if one uses the spectral representation of 


the Green's function and the wavefunction, 
GuCRORe se bh eUR is seen Re 
al rece tal 
y &n) (R) = 5 Rli> c,'") 


cunt) nee c(n) av EL) C (0) (2) 
j 


Since E/E; is largest for the smallest E;-E) the iteration (3) converges to 
the ground state. 


Obviously, the Green's function eq. (2) is unknown and cannot be computed. 
However, in a Monte-Carlo scheme, there is no need to compute values of func- 


tions but one instead performs a random walk where it is only required to 
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sample from functions.It is therefore sufficient to construct a second random 
walk process yielding the desired Green's function. This may be achieved by 
introducing a small domain d e RON and defining a Green's-function pertaining 
to constant potential U within d, which is assumed to be zero on the boundary 
of and outside d, where d and U may depend parametrically upon Ro? 
2 3N 
VU AR Vig, (Rik) = 5 -3(R,-B,) (5) 


1 0 ie} 


For any reasonably shaped domain d, eq. (5) may be solved analytically. 
Multiplying eq. (2) by G(R, Ro) and eq. (5) by G(R,R,) and subtracting we 


obtain 
f 26, (Ry oR, 
G(R, Ro) = Gy (R,Ro) + ( ) G (RR, ) dR, 
7 od(Ro) Dn 
+: ( (U(Ro) - V(R,)) Gy (Ry »Ro) G (RR, ) dR, (6) 
d(Ro) 


z Gy(R, Ro) + ( K (Ry » Ro) GuilRe Ry) dR, 
R 
{e) 


If U is chosen to bound V(R) from above within the domain d it is easily shown 
that the norm of the integral kernel K is smaller than one, i.e. eq.(6) may be 
solved for G by iteration which is equivalent to summing the Neumann series. 
In a Monte-Carlo algorithm this iteration translates into a random walk with 
transition probability K. Furthermore it may be shown that G, Gy K are all 
non-negative. Therefore, all quantities occuring so far may be interpreted as 
probability densities for "pointers" R in 3N dimensional space. Eqs. (3) and 
(6) may then immediately be translated into a Monte-Carlo algorithm to be 
executed on a computer. The positive wavefunction ¥(R) is then represented by 
the probability density of finding a "pointer" R. at R in dR. This probability 
of course is a probability only for the purposes of the Monte-Carlo scheme and 
must not be confused with the physical probability density which is as always 
given by }w(R) |°. Importance sampling may be used profitably to speed up the 


calculation. 


The algorithm sketched so far is immediately applicable to few-Boson systems. 


In the case of Fermions a problem arises since the wavefunction may not be 
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chosen positive everwhere. Formally this problem may be circumvented by decom- 
posing the wavefunction 
ve (R) = ¥, (R)- ¥ CR), ¥, (R)>O ¥ _ (R) 20 (7) 
Since the Green's functions are symmetric regardless of statistics it is then 
still possible to execute the Bose algorithm for the positive and negative 
parts, eq. (7), separately. If the first iterate is chosen antisymmetric one 
would assume that eq. (3) preserves this property. However, below the Fermion 
ground state there is a symmetric eigenstate of the Hamiltonian for any reaso- 
nable physical system. It is seen in eq. (3') that this symmetric state will 
get amplified by a factor of earn -BOee in each iteration. In a Monte-Carlo 
scheme admixture of statistical noise can never be avoided. This admixture 
will accordingly grow exponentially and destroy the calculation. 
At first sight a remedy seems to be the projection onto some suitably chosen 


antisymmetric trial state ¥_. and evaluation of the energy from 


FT 


Eee ep nese (8) 


Obviously, Symmetric noise in ¥ will not contribute to eq. (8). However, the 
variance of the energy estimator eq. (8) will involve the square of the trial 
state which is symmetric and therefore does receive a contribution from symme- 
tric noise, i.e. the variance will grow exponentially. Nevertheless calcula- 
tions are possible and have been performed at a significant expense of compu- 
ter time® empoying this so-called "method of transient estimators". At present 
there is no general solution to this problem in sight in spite of significant 


efforts: but increasing computational power. 


A rigorously non-exact but for electrons rather accurate method is the so- 
called "fixnode approximation" where one assumes the nodal surfaces of the 


Fermion wavefunction to be known 10.11 


. Nodal surfaces may conveniently be des- 
cribed by specifying trial wavefunctions, usually determinants. The problem 
then reduces entirely to a Bose problem within that part of space where the 
trial function is positive. Resulting energies are variational, i.e. upper 
bounds to the Schrodinger eigenvalue. The wavefunction could be optimized 

by varying the nodal surfaces. However, no scheme is known to do that ina 


systematic fashion. 
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3. RESULTS AND DISCUSSION 

There are a number of cases where Fermion problems reduce to Bose problems. 
In one spatial dimension the nodal surface of an antisymmetric wavefunction is 
always rigorously known and no Fermion problem arises. In three-dimensional 
space in the case of strictly local interactions independent of internal de- 
grees of freedom of the particles consedered (spin and isospin) whenever the 
number of particles is smaller than the degeneracy (two for electrons, four 
for nucleons) the problem is equivalent to a Bose problem. In that case anti- 
symmetry iS maintained via the internal degrees of freedom whereas the spatial 
part of the wavefunction is symmetric. 

In table 1 I give results for three and four nucleons interacting via the 
Malfliet-Tjon V potential2, in comparison with other methods. It is seen that 
everyone agrees on the triton, but that straight-forward integral equation ap- 
proaches can not be brouhgt to sufficient accuracy on the alpha particle. 
Presumably this is due to technical problems like insufficient numbers of par- 
tial waves, meshpoints, etc. The very nice agreement between the exact GFMC 
and other methods lends enhanced credibility to these other methods which are 
approximate but about two to three orders of magnitude faster to execute on a 
computer. Table 2 shows similar results in the presence of a strong three- 
body force?” Also there are shown results from two entirely independent GFMC 
calculation done by two different groups! which agree within statistical error 


as they should. 


Table 1 N-body ground states from MTV potential 

Method N = 3 E/MeV N = 4 E/MeV 

GFMC =Gi2 Oct Os. 0)h = Silos a O62 

Variational - 8.22 + 0,02 = Salih ay Ons 

Feddeev - 8.253 - 28 
(-Yakubasky) 

Soupled-Cluster - 31.24 

ATMS = Bil nel 

Table 2 same. as table 1, with three-body force 

Method N = 3 E/MeV N = 4 E/Mev 

GFMC 1 =O) (ky se 0s = Sy OS) a Os(e 

GFMC 2 - 9.00 + 0.08 = O52 st Ose 


Variational - 8.79 + 0.07 - 36.2 + 0.25 
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Consider next the nroblem of N THe atoms interacting via the Aziz et al 
HFDHE2 potential |. In fig.1 I show the density profiles for various values 
of N. The solid lines are GFMC calculations whereas the dashed lines come from 
variational calculations which may more easily be extended to larger values 
of N. Is is seen that saturation is attained at about N=40 at the proper value 
known from the infinite fluid. Fig.2 shows the resulting r.m.s. radii. Very 
small systems are mor diffuse because of loose binding and thereforeexhibit an 
increase in radius. The energies per particle for N > 20 may be fitted to about 
1/2 % accuracy by 

E(NJIN == 7.02 # 18.8'x = 1102 x°°K (9) 


% y7l/3 


ANL-P-16,978 


0.02) 


O 4 8 \2 
r (A) 


FIGURE 1 Density profiles for droplets of N "We atoms 


This formula extrapolates very well to the infinite fluid giving -7.02 re 
particle in comparison to experimental -7.12 K/particle and a surface tension 
oF OL30 Ka” (experimentally 0.27 KR?) Differences are attributed do deficien- 
cies of the Hamiltonian (no three-body force, non-uniqueness of HFDHE2 poten- 
tial). 


As the last example let me consider the LiH molecule in the clamped-nuclei 
approximation, i.e. a four-electron problem in an external field generated by 
the fixed nuclei. This is just one particular example out of several molecules 
studied. Table 3 shows results for the correlation energies (difference bet- 
ween Schrodinger eigenvalue and self-consistent-field (SCF) or Hartree-Fock 
value) obtained from various methods. Currently, the Coupled-Cluster result in 


two-body cluster approximation is the most accurate result available ie The 


J.G. Zabolitzky / The Green’s-Function Monte-Carlo Method 407¢c 


ANL-P-16,979 


4 
34 6810 20 40 70 2 
N (N'”> scale) 


FIGURE 2 Radii of droplets of N THe atoms 


GFMC has been carried out! in the fixnode approximation only yielding a 
statistical error of 2 mHartrees. The error due to the fixnode approximation 


is seen to be of the order 1-5 mHartrees. 


Table 3 

Ecce -7.987 323 Hartree 
pccl2) -0.081 54 Hartree 
eae -0.080 + 0.002 Hartree 
pEXP -0.083 20 Hartree 


As a last application let me mention that for light nuclei it is also 
possible to carry out calculations with explicit inclusion of the mesonic 
degrees of freedom, i. e. describing nuclei as systems of nucleons inter- 


acting not via potentials but meson fields 
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RANDOM NUMBER METHOD IN FEW BODY CALCULATION 


Yoshinori AKAISHI 


Department of Physics, Hokkaido University, Sapporo 060, Japan 


A review is given about the quasi-random number (QRN) method and the 
ATMS method. QRN is a numerical method for multiple integrations and 
ATMS is a variational method of solving few-nucleon systems with 
realistic two- and three- nucleon interactions. Accuracy of ATMS is 
demonstrated in few-body calculations. Energy levels, momentum dis-— 
tributions and charge form factor ot the alpha particle are presented 
on the basis of realistic two-nucleon and semi-realistic three-nucleon 
potentials. Property of A-a potential is discussed with an extended 
ATMS method. 


1. INTRODUCTION 

An advantage of studying few-nucleon problems is feasibility of solving 
them up for realistic nuclear interactions with singular repulsive cores and 
strong tensor forces. The alpha particle is a tightly bound system with strong 
correlations and is a stable unit of cluster in nuclei. Therefore, by solving 
the four-nucleon problem we could obtain rich information on correlated 
structure of nucleus which leads us to realistic treatments of nuclei. One of 
such treatments is the cluster theory with saturation discussed by Seaman 
where NN correlations play an important role. Thus, four-nucleon problem is 
one of the most interesting and challenging subjects. 

The Faddeev theory is successfully applied to three-nucleon systems, but at 
least in the present stage it is not a practical method for system of four 
nucleons interacting with complicated realistic potentials. So, we should pay 
attention to variational approaches. In the case of central NN potential with 
hard core pioneer works were done by Schmid, Tang and Herndon” with Jastrow- 
type correlation function and Monte Carlo integration method. Some progresses 
have been accumulated along the variational approach. Pandharipande et atl 
developed their Variational Monte-Carlo method and applied it to realistic 
four nucleon systems. The present author and eres proposed the ATMS method 
to construct variational wave functions for realistic interactions, where ATMS 
is an abbreviation of Amalgamation of Two-body correlations into Multiple 
Scattering process. Tanaka and Nagata> introduced in ATMS calculation the 
Quasi-Random Number (QRN) method for multiple integration which is much more 
effective than the Monte Carlo one. In this paper calculations which use QRN 


are reviewed in connection with ATMS. 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
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2. QUASI-RANDOM NUMBER METHOD , 
The QRN method was presented by Richtmyer and by Haselgrove and used by 


Tanaka and ‘pee in few-body calculation. Let I be a multiple integral, 
co { { 
= ° eee = . eee . 1 

r= fax, fax, F(X,, *#* 4X4) fax, fox, E(x,, *** 4x4) (1) 

The last is obtained by such transformation as 
Ss a = = : 2D 

X. =c tan T(x, On5)) or xX. Cc log(x,/(1 x.)) etc (2) 

We extend f to a periodic function g as 


g(x) 


EC), Cet C8), g(x) and g(x+2n) = g(x), (3) 


where n =(ny» oom) is d-dimensional vector with any integer ny. The second 
derivative of g must be bounded variation. The function g can be expanded into 
Fourier series of the period 2 ; g(x) = i a(m) exp(i 7mx). 
The coefficient a(0) is just the integral value ils 

We make a summation with quasi-random numbers starting from a set of 


irrational numbers @ =@)> 7850 4)> 


S,(N) = J gt) = (2N+1) a(O) + D,(N). (4) 
where D,(N) =)’ s@) sin( 7(N+0.5)ma) / sin(0.5 7ma@). 
Haselgrove showed that Dy remains to be on?) and not so large for well- 
selected set of a. Therefore, 

S, (N)/(2N+1) converges to I with error ON). (5) 
When we use a double summation S ACW = 1,810), 

S(N)/ (N41)? converges to I with error O(N7?). (6) 


It should be remembered that the error of Monte Carlo (MC) integration is 
ocn7t/2 


one standard deviation is 68 2%. 


) and is statistical one, that is, the probability of getting I within 


Figure 1 shows a comparison between QRN and MC given by Tanaka xe Nagata. 
QRN error for double sum case is smaller than MC one by about ‘hoe factor at 
50,000 sampling estimate. QRN converges very rapidly compared to MC. There 
might arise a question why such large difference occurs, because integration 
procedure is similar between MC and QRN except that MC uses random 
numbers and QRN does quasi-random numbers. Tanaka found that QRN error damps 
moderately, while MC deviation fluctuates frequently between positive and 
negative sides and its damping is slow. This difference comes from two facts. 
Integrand of QRN is always symmetric (periodic), while that ob MCGhrassenots 
Double summation defined in QRN gentles such fluctuation appeared in MC case. 


Thus, QRN is a very effective method of numerical multiple integration and 
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is fully used in ATMS calculations of 
sections 4 to 6. It. is noted that 
usefulness of QRN depends on the 
choice of a irrational number set and 
a transformation: The parameter of 
Eq.(2) should be so adjusted that 


integrand becomes as flat as possible. 


3. ATMS METHOD 
ATs“ constructs a variational wave 


function in the form 
Y= PO (WD) 


on the basis of multiple scattering 
7 ; 2 nee 
theory , where 6 is a simple initial 


wave function. The multiple scattering 


operator F is given by 


N/10,000 
P= 1+) (Q/e)g(ij) F.., (8a) 
cp) 1) 
Bog. = alt )* (Q/e)g(k1) Fey eb) FIGURE 1 
J Mok A comparison of errors of 
From Eq.(8b) we get coupled algebraic QRN(solid) and MC(dashed). 
equations 
(Pil) = -f7 nk) = Fee) gD (9) 


CRU C1) 
by replacing the operator (Q/e)g with two-body correlation functions-N and-% 


which are obtained from on-shell and off-shell solutions of Bethe-Goldstone 
equation. With Eq.(8a) and solutions of Eq.(9) we have a function F which is a 
correlation representation of the multiple scattering operator. 

ATMS wave function is improved under Ritz's variational principle and 
therefore, ATMS energy is a strict upper-bound. In the ATMS method the many- 
body dynamical and the variational treatments are unified. The former reduces 
substantially the number of variational parameters and the latter supplies 
deficiencies in many-body treatment. 

A recent progress in ATMS formalism is the inclusion of D-state term in the 
off-shell correlation. Tanaka and Sacer’ solved Eq.(9) with G = bo +5 De 
and got a more reasonable expression of F. The importance of D-state term was 
well-known in on-shell case but disregarded in off-shell case so far. The new 
term brings an additional binding of about 3 MeV in ATMS calculation of the 


alpha particle for realistic interaction with tensor force. 
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4. ACCURACY OF ATMS 

Maeda et Ps applied ATMS to systems of three and four point-Q® particles 
interacting via a state-independent potential with repulsive core 

Figure 2 shows the upper and lower bounds for three q system. It is known 
that Temple's lower peer comes usually far below Hall-Post's lower pound 
This is because Temple's bound (E,) involves < H? > which is extremely 


sensitive to short-range correlation functions. The best of Jastrow-type wave 


function can make Temple's bound come above Hall—-Post's one. The ATMS result 
is much more remarkable: The gap between upper (Ey) and lower bounds is less 
than 0.2 MeV. This clearly demonstrates the high accuracy of ATMS. 


The variational method is often criticized that its wave function is rather 
poor even when its energy is good. Schmid et zu derived an upper bound 
formula to the impurity. Suppose that the variational wave function 1S) 
expanded on exact eigenfunctions of H. The impurity B(E) in the wave function 


from mixing of eigenstates higher than a given energy E is bounded as 


, = 2 = 
IBGE) BCE) =G (E,-E,)/(E-E,) 2 Gs= 5 aie (10) 


U iy 


where G is the gap and EB the first excited-state energy. The maximum total 


Conventional \ =< 2 
=Sh8 
S 
x Jastrow ATMS \F(q) | 


Ott 


Q.ol 


fm? 
IS 


0 5 i0 
FIGURE 3 
FIGURE 2 ATMS error of form factor 


Upper and lower bounds for threeq system, for threeq system. 
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impurity of ATMS is 3.4 % for three a system. ATMS might seem to be too crude 
to discuss the small component of charge form factor at high momentum transfer. 
But by Eq.(10) the impurity decreases drastically as E increases, for example, 
it becomes less than 0.1 2 at E = 17 MeV. The error of charge form factor at 
high momentum transfer, which is mainly contamination of high-energy eigen- 
states, is restricted to be small enough in ATMS and is bounded in the shaded 
anea of Pic, 3. Temple's lower bound is a severe test of how well  short- 
range correlations are described. The variational wave function is reliable 
when the gap G is small enough as in the case of ATMS. 

For four nucleon system with Malfliet-Tjon's (V) Seen et ot we can make a 
peer ison” of various methods, that is, the Faddeev-Yakubovsky (F-Y) 
pee the Variational Monte Carlo (VMC) meehnod the Coupled Cluster Method 
(com) 16, the Green Function Monte Carlo (GFMC) need and ATMS. 


TABLE Results for four-nucleon system. 
Method Energy (MeV) rms radius (fm) 
inv 28 Tec 
vMC ~31.1940.05 Carlson et al.!? 
CCM(3) —31.24 ie36 Zabolitzky 
CCM(4) -31.36 e389) Zabolitzky 
GFMC Sal 380.2 136 Disease| 
ATMS -31.36(E,) -32.8(E, ) 1.40 Maeda 


GFMC value -31.340.2 MeV is accepted as an exact energy. F-Y does not 
include the effect of higher-wave interaction. VMC may be the best value of 
Jastrow-type correlation function. CGM(3)sasiinone reliable than com(4)!, 
ATMS gives -31.36 MeV as the upper bound and -—32.8 MeV as the lower bound. Ie 
is known that the ratio (E9-E, )/(Ey-EQ) is very large for singular potential’, 
and so two bounds of ATMS may allow the estimation of the exact energy with 


smaller error than GFMC. 


5. ALPHA PARTICLE 

5.1. Energy levels and three-body force 

Figure 4 shows up ATMS searie obtained with the Hamada-Johnston (H-J) 
potential and also with the Fujita—-Miyazawa (F-M) three-body fom” 

In the case of only H-J the ground-state*energy is -20.6 MeV (Exp. -29.0 MeV 
without Coulomb). The total potential energy is -151.7 MeV and the largest 
contribution (-70.2 MeV) comes from the tensor force. The total kinetic energy 


is 131.1 MeV and is three times as large as that (about 50 MeV) of harmonic 
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FIGURE 4 Energy levels of the alpha particle 
calculated with H-J and with H-J plus F-M three-body force. 


oscillator model. This means that strong correlations exist. 

The F-M three-body force brings about 8 MeV energy gain and reduces the rms 
EGU Teo I oOsy til e@ WAY iam (ixga, i 4vs asm). The gain 8 MeV is 30 % of the 
binding energy and might seem to be too large. But it is only 5 % of the 
potential energy -152 MeV from H-J. The three-body force contribution in the 
alpha particle is about 7 times as large as that in the sake A factor 4 
comes from the ratio of numbers of nucleon trios and the contribution per trio 
is enhanced by the compactness of the alpha particle. In the excited states 
situation is very similar to that in the triton due to their 3N + N structures. 
Thus, the three-body force gives energy gains just required, that is, about 8 
MeV for the ground state and about 1 or 2 MeV for the excited tare 

The F-M three-body force is not very realistic, but it should be stressed 
that the energy levels of the alpha particle can provide valuable 
phenomenological informations on the three-body force. The present F-M three- 
body force should be regarded as a semi-realistic three-body force determined 
from ATMS calculation of the alpha particle. 

Lomnitz—Adler et ale obtained the ground-state energy of —22.940.5 MeV for 
Reid soft core (RSC) amas by vMC. Sakai and Tarayena = got -21.1 MeV 
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for RSC by ATMS. The ATMS result is poor compared with one by VMC and -24.9 
MeV by com! ©, ATMS with off-shell D-state term mentioned in section 3 should be 
examined. Carlson, Pandharipande and Wiringa’° investigated thee- and four-— 
nucleon systems by VMC with Urbana and Argonne potentials and three-body 
forces. It is noted that the Tucson three-body force-’ gives -6 to -8 MeV 
contribution in the alpha particle, and its te) Hi ratio is about 6. 

5.2. Momentun distribution 

Nucleon momentum distribution in the alpha particle is calculated for RSC by 
ATMS. Short-range correlation manifests itself at around p = 3 fn as seen in 
Fig. 5a. The D-state correlation is of almost same magnitude at this momentum 
region as stressed by Zabolitzky and nee, The total kinetic energy can be 
calculated by gia = (A-1)/2+fap n(p) (7 /2M)p- é where the center-of-mass 
motion is completely removed. Enhancement of kinetic energy is about 80 % which 
comes half from the short-range correlation and half from the D state. If we 
use a relativistic kinetic energy in the above equation, total kinetic energy 
reduces from 90 MeV to 82 MeV. Thus, correlations in the alpha particle is so 
strong that relativistic treatment would be required in final stage of 
investigation. 


Momentum distributions of two-nucleon center motion and of two-nucleon 


(log) 


Total 
—-—S state 
D state 


nm 


FIGURE 5 
Momentum distributions of single nucleon (a) and two-nucleon center (b) 
in the alpha particle calculated with RSC. 
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relative motion are also calculated in the alpha particle. They have 
prominent high-momentum components coming from correlations, which may play 
; : ; BO ge ae) 

important roles in high-energy proton-nucleus collision 


The momentum distributions are well parametrized as 
ima) = IN Fema On +s expC op Ose) } qr 


with (a aoe s, t)=(0.42, O01, 8)) for nucleon) (OL42%35) 0.0, 8) eon NN 
center and (0.42/4, 0.015, 6) for NN relative momenta. 

5.3. Charge form factor 

eee pointed out the pronounced central depressions of the point proton 
densities of He and aie Any realistic NN interaction can not reproduce the 
depression, and the three-body force is invoked. Fable de la Ropelie a 
presented an interesting idea that F-M type three-body force might realize the 
central depression. Nogami et Aa however, found that at least 3 times 
stronger three-body force than F-M is required to reproduce the data. 

The tensor component of three-body force, which was disregarded in the above 
considerations, is main origin of the energy gain in the alpha particle. Our 
aim is to reproduce simultaneously the binding energy and the charge form 
AC TOK Katayama et ae performed ATMS calculation of the eae charge form 
factor and investigated both effects of meson-exchange currents and the three-— 


body force. Figure 6a is the charge density distribution obtained with H-J, 


H-J 


Total 
——- — Impulse 


Meson- 
exchange 
currents 


FIGURE 6 
Charge density distribution of the alpha particle 
calculated with H-J and with H-J plus F-M three-body force. 
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where rms radius is considerably large. Meson-exchange currents decrease 
charge density at central region. Figure 6b shows the effect of the F-M three— 
body force which reproduces the alpha particle energy and rms radius as 
discussed in 5.1. The proton density distribution is not depressed but raised 
at the central region by the three-body force. At the same time, however, the 
effect of meson exchange currents is enhanced by about 50 %. Thus, the three— 
body force can contribute to the central depression through the enhancement of 
meson-exchange currents. It should be remarked that at the central region of 
He the charge density is depressed but the proton density is not. 

Im the case of He Had jimichael et ecg obtained an excellent agreement 
with the experiment. There we can see similar effects of meson-exchange 


currents and three-body force. 


6. A- a POTENTIAL 

Kurihara et at extended ATMS to scattering problem by formulating a new 
theory in which particle-nucleus effective potential is microscopically 
constructed from realistic interactions. The A-Qpotential obtained from 
Dalitz's AN pore | shows a pronounced central sepuiloaen due to hard core 
of the AN potential and compactness of the alpha particle. Maeda and gemma 
made a careful calculation with Jastrow-type correlation function and found a 
central rise coming from the many-body correlation. Schmid discussed the 


importance of such central repulsion or rise in relation to the saturation of 


many-body system. 


7. CONCLUSIONS 

QRN is a very useful method of numerical integration in few-body problems. 
Actually, by QRN 9-, 10- and 12-dimensional integrations are carried out at 
each point for charge form factor, momentum distributions and (A -a effective 
potential, respectively. ATMS connected with QRN is much more feasible than 
the Variational Monte Carlo and the Green Function Monte Carlo methods. 
Accuracy of ATMS is unambiguously demonstrated by small gap between upper and 
lower bounds to the energy. An upper bound formula to the impurity shows that 
ATMS wave function is also highly accurate at high momentum part. 

The alpha particle is a strongly correlated system: D state and short-range 
correlations are important ingredients of realistic alpha particle and should 
be taken into account in refinment of nuclear models like cluster. Momentum 
distributions can provide information on short-range correlations and more 
detailed experimental dave” Ab around py— so) cor fm are waited for. 


The three-body force plays an important role in reproducing the ground— and 
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excited-state energies of the alpha particle. Conversely, the energy levels 
are valuable data for phenomenological determination of the three-body force. 
The same three-body force has a favourable effect on the charge form factor. 

! 


New development would be expected on Kurihara et al.'s (KAT) scattering 


theory. 
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RECENT RESULTS OF CALCULATIONS IN THE FOUR-NUCLEON SYSTEM 
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A review on the most recent calculations of the four nucleon system is pres- 
ented. A summary of the developments involving the methods used to solve the 
four-particle Schrodinger equation is provided that covers the Integral Equa 
tion Approach of Yakubovsky and Alt, Grassberger and Sandhas, Variational, 
Coupled-Cluster, Green's Function Monte Carlo, Hyperspherical, ATMS and Reso 
nating Group methods. Whenever possible results obtained with different 
methods are compared. Relativistic effects and three-body force effects are 
discussed. 


1. INTRODUCTION 


In the past the four-nucleon problem has been the source of a great number of 
theoretical work. The aim has been to understand the boundstate and scattering 
properties of the system in terms of the forces between the constituent particles. 
Here we review the progress that has been achieved on this subject since’ the 
last Few-Body Conference in eugene for other reviews on results and calculation 


methods see refs. 2-6. Since the solution of formally exact four-body equations 


only became possible in the last decade, and the need to understand the experi - 


mental data goes well beyond in time, different methods have been develloped to 
solve the four-particle Schrodinger equation such aS variational, coupled cluster, 
resonating group, hyperspherical and Monte Carlo methods. Therefore we will ad - 
dress each of these methods separately and report the latest advances conceniing 


bound state and scattering calculations. Whenever possible results obtained with 


different methods are compared. 


2. INTEGRAL EQUATION APPROACH 

Although there are many formulations of the four-body problem that fall in 
this category, only the work of Yakubovsky” and Alt,Grassberger and Sandhas’ (AGS) 
has lead to practical calculations of the four-nucleon system. The corresponding 


equations, once expressed in the appropriate momentum variables, are a set of 
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two coupled three vector variable integral equations whose kernel involves all 
lower particle subsystem amplitudes” From the computational point of view the 


advantage of Yakubovsky or AGS equations over other four-body formulations is 
that each time one represents the subsystem amplitudes in a separable form one 
reduces the dimensionality of the equation. Therefore, using the experience 
gained in the solution of the three-body problem, the standard procedure has been 
to express the two-body t-matrix as a finite sum of separable terms leading to 
two-vector variable four-body integral equations. Although these equations have 
been solved in the past? they involve considerable numerical effort which may be 
saved if the underlying 3+1 and 2+2 subamplitudes are accurately represented as 
operators of rank N (N small). The resulting four-body equations after partial 
wave decomposition are a set of coupled one continuous variable integral equa - 
tions that are readily solved numerically. Beyond the model calculation of 
Kharchenko and bevashey > where the sensitivity of threshold scattering results 
to the parameters of the NN interaction is studied, all recent work on the inte 
gral equation approach has used the four-nucleon problem as a "theoretical labo- 
ratory" to develop and test several approximation methods used in the solution 


of the equations. Since a realistic four-nucleon calculation requires the correct 


description of many subamplitudes in many partial waves, as predicted by Tjon@ > 


progress has been slow and not a single realistic calculation has been reported 


since the Eugene conference. Therefore we review some of the effort and the dif- 


ficulties encountered in this field. 


Although the two stage separable expansion approach described above bas been 
widely used in the past“, considerable improvement on the speed of the calcula- 
tion is gained when the Generalized Unitary Pole Expansion (cure) | or the Energy 
Dependent Pole Expansion (eppe) ' are used to represent the 3+] and 2+2 sub - 


amplitudes compared to the Hilbert-Schmid Expansion 13 


(HSE). The accuracy of 
the GUPE method is tested in a recent work by Sofianos Bhvates where the 
a-particle binding energy is calculated for a variety of local and separable 


nucleon-nucleon potentials. The results are compared with similar calculations 


* They are the two-body and the 3+1 and 2+2 subamplitudes 
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using the EDPE or the HSE. They find that both GUPE and EDPE require similar 


computing times for a converged calculation and are about 15-20 times faster than 
HSE. They also find that GUPE is faster than EDPE for the same N. Typically 


N=3 terms per subamplitude are required for a converged calculation. The EDPE 

? esl 
method has also been shown to be very accurate in a bound state calculation : 
with central plus tensor forces between pairs. They find that N=2 terms per sub- 


amplitude yield a four-nucleon binding energy that agrees within better than 
1.5% with the results of Gibson and Lehman where the corresponding two-variable 


integral equation is solved numerically. 


Since it takes in general more terms to represent the 2+2 subamplitudes than 
6 
the 3+1, Haberzett] and Sandhas were able to formulate AGS equations in a Way 


that the contribution of the 2+2 subsystem is calculated exactly through the con 
volution method. In this approach all four-body amplitudes can be calculated 

from the solution of single integral equation for the reaction (3)+1+(3)+1 where 
(3) is a bound state of three particles. They also went on to show’ that for 
Single term separable approximation for two and 3+1 subamplitudes the resulting 
equations are similar to those obtained by Fonseca and Shanley from an extended 
nonrelativistic field-theoretical Lee PeleneRacently the feasibility of such trea 
tment has been shown in a four-boson binding energy calculation with one term in the 


expansion of the 3+] subamplitude and also in a contribution to this conference 


Although GUPE and EDPE methods work extremely well in the negative energy 


region it has been shown that above breakup threshold both methods fail to repro 
duce the three-body t-matrix (3+]1 subamplitude in the four-body sector) even for 
large N Vege ees Therefore a new breed of separable expansion methods were 
developed (SE] and SE2 in ref. 20) which have a stronger energy dependence built 
in the effective three-body form factors. It is found that for N=6 the SE2 


method reproduces over the whole energy domain the three-body amplitude of Aaron, 
Amado and Yam's@¢ three-boson model. Although below breakup threshold two-body 


unitary is satisfied for any N, above breakup threshold only the converged result 
satisfies two-and three-body unitarity. From past experience it is expected that 
less number of terms may be needed to reproduce more realistic three-body ampli- 
tudes; nevertheless it Bnotclear at this stage how many terms may be required to 


get a converged four-body result in this energy region. 
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In spite of the progress achieved in the search for accurate approximation 
methods that may lead to the solution of four-body integral equations with less 


numerical effort, one is still in this domain far from being able to undertake 
realistic four-nucleon bound state calculations as those that are now possible 
with other methods. The advantage of the integral equation approach lies in scat 
tering region where with present day computers one may be able to perform cal- 
culations involving central + tensor forces between pairs together with exact 
treatment of the 2+2 subsystem contributions through the convolution method in 
addition to s - and p - wave 3+] subamplitudes as sugested in refs. 19 and 23. 
Nevertheless the problems one experiences in the expansion of three-body operators 
in a separable form may be the source of future difficulties concerning the 
accuracy of calculations at energies well above breakup threshold. The other al- 
ternative involves the solution of a two variable integral equation which’ in 
the scattering region may require powerfull real axis integration procedures to 


overcome the presence of running singularities along the axis of integration. 


3. GREEN'S FUNCTION MONTE CARLO METHOD 
In the Green's function Monte Carlo (GFMC) method the four-particle Schrodinger 
equation is solved exactly subject only to statistical sampling errors which may 


be made arbitrarily small. Although at present the method can only be used to 
calculate the space symmetric part of the a-particle wave function emerging from 
the solution of the Schrodinger equation with local central potentials between 


pairs, the results are useful Since they can be used aS benchmarks for other 


few-body methods. In addition to the extreme accuracy of the calculation this 
method has the advantage that a three-body force can be easily incorporated. In 
the work of ref. 24 the calculation of the binding energy of four nucleons in- 


teracting via the Malfliet-Tjon potential V is reported.they obtain -31.3+0.2MeV 


TABLEI Results for the four-body system, two-body for E. and an rms point mass radius of 
forces only. Q 


1.36+0.01 fm. The calculated point mass 


Method Energy/MeV Source distribution is given and does not 
GFMC —31.340.2 Ref.24 exhibit a central depression. In Table I 
Variational —31.19+0.05 Ref. 25 . : 
Faddeey-Yakubovsky -28 Ref. 26 the binding energy is compared with the 
Coupled-cluster —31.24 Ref. 27 


ATMS 313 Ref 2g results of other calculations. This 
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clearly indicates that unsufficient number of two-body partial wave amplitudes 
are taken in the solution of Yakubovsky equations. 


In a subsequent calculation S) a three-body force is included that is indepen 
dent of spin and isospin. The chosen in - 


teraction is model I given in ref. 25 and 


is about 10 times as strong as one would 


GFMC 


a VARIATIONAL 
oe 
\’ 


obtain from some models of two-pion ae 


exchange three-body forces. The four-nucle 


os 


on binding energy becomes -37.09+0.06 MeV oe 
which indicates that the three-body force 


p, (fm) 


accounts for -5.8 MeV more binding. The 0.12 


resulting point mass distribution is shown 


— 
i a 


in Fig. 1 and exhibits a central depression oS a 


= aes 


as i§ expected from calculations involving 


0.04 


fo} 


0.5 1.0 15) 
r(fm) 
FIG.1. Point proton density for the four-body system. 
O—two-body forces only, GFMC result of Ref. 24@—same, 


, é f variational result of Ref.25 A—two- and three-body forces, 
results of the corresponding variational Ref. 29  ;#—same, variational result of Ref. 25 


the experimental charge form factor. The 


Figure also shows a comparison with the 


calculation of ref. 25 where the calculated binding energy with the three-body 
force is -36.2+0.25 MeV. 

Although the GFMC cannot deal at this time with realistic four-nucleon calcu 
lations it leads to very accurate boundstate results that make possible to 


assess the numerical approximations involved in Yakubovsky and other numerical 


methods like truncation of partial-wave expansions, separable expansion of inte- 


gral kernels, mesh sizes, etc. 


4. COUPLED-CLUSTER METHOD 


The accuracy of the coupled-cluster method for the groundstate of the a-par - 


ticle is tested e7 and the results compared with the GFMC calculation of ref 24. 


The coupled cluster method decomposes the Schrodinger equation into a coupled 


set of "subsystem amplitudes" describing the motion of one-,two-,three-,...,-par 
ticle subsystems embedded in the many-body system under study. Upon truncation 


at the N-body level, N<A (A is the total number of particles in the system) a 
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closed set of one-body, two-body,..., N-body equations is obtained which may be 
solved numerically. At the N=2-body truncation level an exact solution of the 


coupled one - and two-body equations is possible. At the N=3 - body truncation 


level some small inhomogeneous terms of the three-body equation are neglected 
and the coupled set of one -, two-and three-body equations is solved involving 


only a few controlled numerical approximations. On the N=4 - body truncation 
level actual solution of a four-body equation is not possible any more and 
the approximations involved in the solution of the coupled equations may lead to 
less accurate results than those obtained at the N=3 - body truncation level. 
Using Malfliet-Tjon potential V and the N=3 truncation level Zabolitzky gets 


-31.24 MeV for the a-particle binding energy and 1.36 fm for the mass radius 
which compares favorably with the GFMC results shown in Table I. Binding mergy 


and rms calculations are also reported for other two-body potentials. Again 
at the N=3 truncation level one gets -33.4 MeV and 1.55 fm for the Malfliet-Tjon 
I/II potential and -24.4 MeV and 1.60 fm for the Reid potential. Since the 
accuracy of the calculation does not depend criticaly on the potential, one may 
expect the results to be accurate to the 0.4 MeV/0.05 fm level for the N=3 trun 
cation. No Coulomb repulsion is included in the above calculation. 

Again comparing with the work of ref.23 where the Yakubovsky equations are solve 
with the Reid potential one finds that Tjon's calculation yields -19.5 MeV for 
the binding energy which is underbound relative to the coupled-cluster result. 
This is in part due to the discard of other than s-partial waves in the two-body 


t-matrix but also to the neglect of higher terms in the expansion of the under- 


lying subamplitudes . 


5. VARIATIONAL MONTE CARLO METHOD 
Like any of the methods described in sections 3 and 4 the variational Monte 
Carlo method that was developed for nucleon-matter calculations is easy to use 


with Hamiltonians containing two-and three-body forces. Therefore we review the 


results of two recent publications pops" 


where four-nucleon bound state calcula 
tions with realistic two-body interactions are presented and the effect of 


adding a three-body force is studied. In the work of ref. 25 the three-body 
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forces used may be regarded as pedagogical models and the aim there is to develop 
some intuition for the effect that a "reasonable" three-body force has on the 
binding energy, rms radius and point mass density of the a-particle. The para - 
meters of the three-body force are adjusted to obtain the triton binding energy 


with either the Reid vg or the Urbana Vaq two-nucleon interactions. It is found 

that these models tend to overbind the Ae nucleous and that the resulting point 
mass density though improved in the right direction still does not have a deep 

enough dip. Depending on the details of the potentials used the contribution of 
the three-body force to the four-nucleon binding energy ranges from 6 to 12 MeV 
extra binding. Although a more realistic calculation is understaken in ref.20 

where two-pion exchange three-body forces are considered together with the Urba 
na Vag two-nucleon potential, the conclusions remain similar to those of ref.25. 
Models fitted to the She binding energy produce overbinding of the one nucleous 
by ~ 3 MeV, while models fitted to Ane binding energy underbind the three-body 


nuclei by ~ 0.5 MeV. The Tucson three-body force 3] 


is reported to give 7.2 MeV 
extra binding leadind to Ea=-29.3 MeV which is already one MeV beyond the expe 
rimental results. The charge radii are well explained with the three-body force 
but the point mass distributions and electromagnetic form factors still show 


large discrepances as shown in Fig. 2. 


6.-ATMS METHOD 


The essential feature of ATMS (Amalgamation of the Two-nucleon correlations 
into the Multiple scattering process) is that the strong correlations between 
the particles under the realistic interactions are taken into account in their 
independent pair motion, and are included in a trial wave function through the 
process of multiple scattering. Thus the characteristics of the interaction are 


included in terms of two-body correlation functions. For details on realistic 


calculations see ref. 6 and 32. Recent work on this field involves some tests 


: 33 
on the accuracy of the charge form factors obtained from ATMS calculations as 


34 


well as a comparison with results obtained from the solution of Yakubovsky 


integral equations using the two stage separable expansion approach described 


in Section 2. The work involves the calculation of the binding energy for a 
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system of four a-particles interacting with F 
the Ali-Bodmer potential. While the ATMS 2 


T hia aoe 
method gives an upper bound of -11.1 MeV io! - | 
and a Temple lower bound of -11.9 MeV, the 6? 4 
Yakubovsky approach with two terms in the 68 sl 
HSE of the s-wave parts of the 3+1 and 2+2 ee inf | 
Subamplitudes and two terms (one attractive _, mie 

and one repulsive) in the UPE expansion of ie 

the underlying two-body amplitudes yields = 

-8.3 MeV. The difference represents the mae oe 25 30 
effect of including higher partial wave <3 ; 


components of the subsystem transition 
Charge form factor with two - and 
amplitudes which in the integral equation three-body forces. 


approach involves a great numerical efford. 


Computing times are also compared indicating that ATMS bound state calculations 
are not only more accurate but also ten times faster.Three-body force (38F) and 
meson exchange current (MEC) contributions to the 4He charge form factor are also 


Studied in the frame work of the ATMS eyoroaehy where the four-nucleon wave 
function is obtained from the solution of the nuclear Hamiltonian including the 
3BF of ref. 36 and Hamada-Johnston two-nucleon potential. The results are shown 
in Table II for the binding energy, rms radius and other important features of 
the charge form factor. In Fig. 3 and 4 the effects are graphically shown for the 
charge form factor and point mass density. They find that the introduction of 
the 3BF is crucial to enlarge the meson exchange current contribution. This may 
be attributed to the changes that the 3BF introduces in the nuclear density near 
the center where contributions from MEC become important. 


Table II. Properties of the ‘He wave functions and the ‘He charge form factors with and without 
effects of the meson exchange currents and the three-body force. 


P(D) Energy Jordess | W720 Qin Ginax Sam Bens 
{%] [MeV] [fm] [fm] [fm] [fm] [x107]_ [1078] 
H-J only 12.74 — 20.6 1.66 1.83 ie} 17.0 0.985 
+MEC 1.84 10.4 15.0 4.05 4.82 
+3BF 16.12 — 28.5 1.46 1.65 14.2 18.5 1.64 
+3BF+MEC 1.67 11.4 16.8 5.68 6.88 


Experiment Sars 1.42 1.67 10. 14~16 8.9221 
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10 — as ae 1 104 ee 
0 5 10 25 20 es 30 0 ia) 10 15 20 es 30 
Fig. 3. Effects of meson exchange currents on the ‘He charge form factor Fc(q?) for 
(a) the H-J potential, and (b) the H-J plus the 3BF potential. In (b) the 3BF 
effect on the impulse term is also shown by the dotted line. 
: | Petr) (b) H-J + SBF 
0.1 Ay Olek: > 1 
TOTAL | | XN TOTAL i] 
| \ —-— IMP 
\ EC 
0.1 0.1 1 
0.05 0.05 
0.0 0.0 


Fig. 4. Effects of meson exchange currents on the ‘He charge density ec(r) for (a) 
the H-J potential, and (b) the H-J plus the 3BF potential. The two-dot dashed 
line shows the meson exchange current contributions multiplied with the factor 3. 


7. HYPERSPHERICAL METHOD 
In the hypersherical method the four-nucleon wave function denoted by w(&,{) 
depends on the hyperradius & and on a Set of 8 angles. The solution of the 


2 


four-body Shrodinger equation involves an expansion of wy in Hyperspherical Har- 
monics leading to an infinite set of coupled differential equations in the 


Variable p37 -38 . To the exception of the work in ref. 39 where the numerical 


methods and the accuracy for the calculation are tested with central potentials 
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; : 40-42 . 
that are superpositions of Gaussians or Yukawa terms, all Other work TAS 


volves realistic NN interactions. Particular concern is taken to check the con- 
vergence of the calculation 40 by comparing with the corresponding variational 
or coupled-cluster results. As in most other calculations they find that realis- 
tic local two-body potentials between pairs underbind “He by as much as 8 MeV 
and that changes in the off shell nucleon-nucleon interaction cannot be respon- 


sible for such desagreement ae Using the potentials of Biedenharn ween? the 


effect of the tensor force on the tHe binding energy and rms radius is studied 
keeping the singlet interaction fixed and changing the percentage of the deuteron 
2 : : ; 

H). It is found that the percentage of D-state in Te grows linearly 
4 
H 


D-state Pil 


with P (2H) while the percentage of the S' state P decreases as Py (°H) 


D g (Hg) 


grows. 


8. MULTICHANNEL CALCULATIONS 


4He is analysed in the frame work of a multichannel 


The low energy spectrum of 
resonating group calculation’ with Eikemeier-Hackenbroich potential. The wel] 
established resonance states are confirmed and at Jow energies a broad sree 2, 
T = 0 resonance to proposed. The level sequence J” = 0°, 2., 1” for the lower 
lying (T = 0) states and J" = 2, 1° (triplet), 1 (singlet), 0 for the higher 
lying (T = 1) states agree with experiment except for the 1 (singlet) and 0 
ordering. The differences observed in the mirror reactions 2u(d.p)°H and 
2u(don She) are explained in terms of the Coulomb potential alone. Since this 
work cannot at this stage be reproduced in a more exact approach it is hard to 
know if the agreement with experiment and the resulting conclusions depend on 
the potential used or on the method through which the results are obtained. Ne- 
vertheless concerning the charge symmetric fourbody reactions mentioned above 
Zankel*? has shown independently thata good deal of the observed differences can 
be explained by Coulomb interference effects. Cluster calculations using the ge- 


nerator coordinator method © 


and an effective Gaussian nucleon-nucleon potential 
reproduce extremely wel] the available low energy scattering data, but again 
this may depend on the potential used. 


Finally using the (N/D) approach*” 


the correlation among s-wave low-energy 
four-nucleon observables is studied. It is found that the Triton binding energy, 
itSasymptotic normalization parameter, the deuteron exchange left hand cut and 
the nucleon-triton (N,t) scattering lenght control the low energy N-t system. 
Relativistic corrections to the a-particle binding energy are shown to be small 


although the corrections to the kinetic energy and potential exceed 5 MeV. This 
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is because of considerable cancelation between the various contributions. For 
the Afnan and Tang potential EY = -33.3 MeV and SEY = +0.6 MeV. 


9, CONCLUSIONS 


Recent work indicates that at the present time one can have access to four- 
nucleon wave functions and binding energies that are accurate within one or two 
tenth of an MeV. For realistic interactions the most accurate methods are the 
ATMS and the Coupled Cluster although for central potentials the GFMC takes the 
lead. Due to the number of subamplitudes and partial waves involved in a realis- 
tic four-nucleon calculation, the integral equation approach is still far from 
providing accurate bound state results compared to those obtained by other me- 
thods. Nevertheless in the scattering region, in spite of the excellent fits to 
the data that one and multichannel cluster methods show, the integral equation 
approach is still the one we have to hope for in order to have access to an 
exact scattering solution for a given two-body potential. The two-stage sepa- 
rable expansion method may still be effective in that region if the four-body 
observables are shown to converge there, particularly above breakup threshold. 


Independently of the method used to solve the equations one finds that realis- 
tic two-body potentials underbind the 4He nuclei, give too large a r.m.s. ra- 
dius and lead to charge form factors and point mass density distributions that 
do not fit the data even after MEC are added. Inspite of the uncertainties con- 
cerning the calculation of the 3BF and its compatability with the chosen 2BF it 
is now accepted that the 3BF affects the a-particle binding energy by 6-12 MeV 
depending on the two- and three-body potentials used. The net result is a 
slight overbinding of 4He but a correctr.m.s. radius. The charge form-factor 
and point mass density move in the right direction but one still has room for 
MEC corrections or quark effects. Nevertheless one should be extremely careful 
in avoiding overcounting whenever adding MEC or quark effects together with a 
3BF. Finally in order to compare results obtained with different methods and 
understand the approximations involved in four-nucleon calculations of any kind 
it is advisable that a realistic benchmark calculation with 2BF and 3BF may be 


decided upon. 
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This report is derived from both the invited review paper on Three Nucleon 
Potentials given by BHJMcK at Few Body-X, and from the discussions at the 
international workshop on Three Nucleon Forces organised by WG and held at 
Ruhr-Universitat Bochum, on 18th and 19th August 1983. It attempts at the 
same time to provide a record of the content of the review paper and to 
summarise results presented at the workshop. 


]. INTRODUCTION 

The concept of the three nucleon potential was advanced very soon after 
Yukawa's proposal that mesons mediated the two nucleon force!, The construc- 
tion of the A mediated mr exchange 3 nucleon potential by Fujita and Miyazawa’, 
and the realisation by Brown, Green and Gerace? that current algebra con- 
straints could play an important role in determining the meson exchange three 
nucleon potentials ushered in the present era of meson-theoretic 3NP. 

For more than a decade this work on the construction of increasingly sophis- 
ticated meson theoretic 3NP was not matched by a corresponding sophistication 
of calculations of the effects of the 3NP in many body systems. Now that has 
changed, and much of the international workshop on three nucleon forces was 
devoted to reports of "state of the art" calculations of the effects of 3NP in 
few nucleon systems and in nuclear matter. 

In part this interest in the effects of 3NP in nuclear systems has been 
generated by the growing realisation that nuclear physics with two nucleon po- 
tentials fails — we cannot reproduce the binding energy and radius of 3H, 
nor the binding energy and equilibrium density of nuclear matter, nor any equi- 
librium properties of nuclei in between these extremes with just two body 
forces. And we now have enough confidence in our numerical methods, and in the 
two nucleon potential input, to suggest that what is missing is physics rather 


than adequate technical skill. 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 


436c B.H.J. McKellar, W. Glockle / Three-Nucleon Forces 


It seems that the mnE-3NP, which has received the most theoretical attention 
so far, is not capable of repairing all of these deficiencies’. This has al- 
ready generated work on the meson theoretic construction of shorter range po- 
tentials and on the construction of empirical 3NP with the desired properties. 
Undoubtedly the next Few Body conference will hear of many more such develop- 
ments. 

In this report we first of all review the meson theoretic construction of 
three nucleon potentials, then discuss applications in the three nucleon prob- 
lem. Then we review applications to other many nucleon systems and describe 
attempts to develop empirical 3NP. Finally we discuss a number of alternative 
approaches to three nucleon potentials and draw some conclusions. 


2. MESON THEORETIC THREE NUCLEON POTENTIALS 

2.1 The Two pion Exchange Three Nucleon Potential (a7E-3NP) 

The mrE-3NP, illustrated in figure 1, has been the subject of most meson 
theoretic studies of the potential, from the work of Fujita and Miyazawa to 
work contributed to this conference’. The key ingredient required to construct 
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Fig.1(a) The mnE-3NP (b) The underlying mN Scattering amplitude 


the mnE-3NP is the mN scattering amplitude of figure 1(b) which is required 
for off mass shell pions. Two basic approaches which differ significantly in 
philosophy have been used to obtain information about this amplitude. 

The first is the model independent philosophy which seeks to obtain the 
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maximum information about the off shell amplitude from general results which 
hold independently of any dynamical model of the amplitude. For the m1E-3NP 
this approach has been exploited most extensively by the Tucson-Melbourne 
group°, and the resulting potential has been extensively used in calculations. 

The alternative approach in the model making approach which seeks to con- 
struct a dynamical model for the mN scattering amplitude of figure 1(b). This 
is the approach of Drell and Huang! and Fujita and Miyazawa. It was used in 
the 60's by Nogami and his col laborators®, and is represented in the contribu- 
tions to this conference from Robilotta et ale Both approaches were discussed 
extensively (and advocated ardently) at the workshop, and we therefore review 
the advantages and disadvantages of each. 

The technique of including resonance states in the Hilbert Space (A’s in the 
wavefunetion) has been advocated as a way of including the three nucleon forces, 
and it is appropriate to compare this method with the mN amplitude methods in 
this section. 

Before doing so we should define the kinematic structure of the mN scatter- 
jing amplitude T<1-S, of figure 1(b) which we write in the usual isospin and 
Spin decomposition as 


Cie oe oar ie 4p T% (1) 
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= 
— 
I+ 
~— 
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See a he aie vee: (2) 


The amplitudes T'S are understood to be sandwiched between the Dirac Spinors 
x Pauli isospinors of the initial and final nucleons. The invariant ampli- 


tudes A) g\*) are functions of four variables — the usual kinematic 
variables v = x (p + p')-(q + g') and t = (q - q')* but also q@ and q'‘@ since 


the pions of interest are off mass shell. (The relatively small extent to 
which the nucleons are off shell because of the nuclear binding is customarily 
ignored). Brown and Green” have suggested that typical "masses" of the virtual 
pions important in nuclear processes are from -u* to -15u*, which are relative- 
ly small on the typical hadronic mass scale of 1 GeV. An extension of their 
arguments suggests that |v| < yu, and 0 >t >-15u*. We should therefore ask 
what is known about F* ’ and B -) in this kinematic region. 

First of all, in the nearby on shell (v,t) plane where q* = q'* = u* the 
subthreshold expansion!” extrapolates the amplitudes from the physical region 
to the (v,t) region of interest. However we need the amplitudes off the pion 
mass shell, so we must use the subthreshold expansion in the on shell plane as 
a constraint on the off pion mass shell extrapolations which are necessary. 

The off mass shell extrapolation is further constrained by the soft pion 
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theorems established from PCAC and current algebra by Adier!! and Weinberg 
These constraints apply only to p(t) — the amplitude ae with the pseudo- 
vector nucleon pole term subtracted — and are usefully visualised on the 

vy = 0 hyperplane! illustrated in figure 2. p(+) is obviously symmetric under 
the interchange q* «+ q'*, which is the operation of reflection in the plane 
WXC in figure 2. Adler's consistency condition constrains ea to vanish at 
the points marked A and A' in the figure, and Weinberg's double soft pion limit 
fixes the value of p(+) at the point W to be =5/'T 5 where o is the mN o term 
and fe is the 7 decay constant (ie ~ 93 MeV with this normalisation convention). 
If one assumes that p(t) (w = 0) is a linear function of t, a2 and q'2 these 
soft pion constraints determine all everwhere on the plane WAA'. In particu- 


2 
2p ---p---- 
Ke vial 
Py oa 
/ beet 
Amal c | 
if || | 
CAS as ee 
De ea ST rahe 
| / a 
| / / 
VA ye 


(be 


Fig.2 The v = 0 hyperplane in v, t, a2, q'2 space 
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Jar they fix ae: to be +0/F 5 at the Cheng Dashen point C, which is the inter- 
section of the "soft pion plane" WAA' and the on shell line q* = q'2 = yw? (XC). 
This permits the determination of o from the on shell amplitude —— upto 
possible correction terms of order t°. 

From this point on the two possible approaches to the nN amplitude of 
figure 1(b) part company. In the model independent approach used in the con- 
struction of the Tucson-Melbourne potential® the fact that relatively smal] 
values of the arguments (on the hadronic scale) are apparently the most impor- 
tant in applications is used to suggest that a knowledge of T up to quadratic 
terms in nucleon 3-momenta will suffice. This means that for ale) the linear 
approximation in v, t, q*, and q'* suffices and as crossing symmetry prohibits 
the appearance of odd powers of v the linear approximation in the v = O hyper- 
plane is adequate for this amplitude. To fix the ao amplitude in this 
approximation we need its value at one point outside the soft pion plane WAA'. 
In ref.6 the point X was used, because the amplitude had been directly evalu- 
ated at this point using dispersion relations|“. However any other point on 
the on shell line would, in principle, serve just as well. 

Using this information the model independent approach is able to fix the 


coefficients a, 8, and y in the expansion of pty 


pc) eteiaee yea) (3) 


without constructing a model for the amplitude. It is important to recognise 
that to this order the effects of all of the resonances (in all channels) are 
already included in these coefficients. 

In the approximation of keeping only the terms quadratic in nucleon momenta, 
the other major invariant amplitude which contributes to the mmE-3NP is the spin 
flip amplitude pi), Since the covariant multiplying this amplitude is already 
quadratic in the nucleon momenta we need only the constant term in the expan- 
sion of p{-) which can be taken directly from the subthreshold expansion. How- 
ever, since the subthreshold expansion is on pion mass shell the “constant” 
term in that expansion is really of the form a + y(q? + q'*) with q* = q'? = yu, 
one needs to make a model calculation to verify that the term 2yu* is indeed a 
smal] correction. 

In this sense one can say that the Tucson-Melbourne potential is independent 
of a detailed dynamical model of the underlying mN scattering amplitude. This 
has the advantage that, to the order considered, all resonant contributions are 
automatically included. The disadvantages of not having a detailed dynamical 
model for the mN amplitude are that such a model is in fact required if one 
wishes to include effects of higher order in the nucleon momenta, or if one 
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wishes to consider three body exchange currents. (In the latter case some 


model independent low energy theorem results would presumably be obtainable, 


but one would need explicit models to go beyond them. ) 
There is a systematic way to graft models for the higher order terms onto 


the model independent amplitude. To do this one writes the amplitude in the 


form 
T = Thole TAU ecto e Gi a Caenc (4) 
is the nucleon pole, AT contains the current algebra terms and the 


where Thole 
* € + q contains the 


terms required to satisfy the soft pion theorems, and q' 
If the latter are included using a dispersion rela- 


resonance contributions. 
* q) one is guaranteed to not disturb the 


wilOn wor C (eeidhiele diam For @" °o C 
soft pion results. 

The alternative model making approach is represented in the contributions 
to Few Body X by the papers of Robilotta et sis? This approach is also closely 
related to the coupled channel calculations which include A resonant states in 
the nuclear wavefunction!” We represent a typical dynamical model of the mN 
amplitude in figure 3 , where we also indicate the correspondence between the 


terms of the model and those of the PCAC Current Algebra model independent 


approach. 
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Figure 3: The model of Robilotta et al. for the mN amplitude. 
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Dynamical models for the mN scattering amplitude do overcome some of the 
disadvantages of the model independent approach — in particular they offer a 
mechanism for going beyond terms quadratic in the nucleon momenta. However the 
models constructed up to now have suffered from two difficulties 
(i) they do not satisfy the soft pion constraints at the points A, A' and W of 
figure 2. 

(ii) they are not truly dynamical, in that the o term is included in an ad hoc 
way and is not represented by exchange of a physical (or fictious) particle. 
Furthermore, the work of Shimizu, Polls and Miither | has raised the possibility 
that the A resonance alone may not be sufficient, and that higher resonances 
may contribute significantly. Once model making is started, there is always 
the possibility of adding more diagrams, and one should look for criteria which 
decide where to stop. 

If, instead of expanding the model it is contracted to just the nucleon and 
A pole terms, this suggests that three nucleon forces can be incorporated into 
the calculations of nuclear physics if the Hilbert space is extended to include 
states in which some particles are arsl>, This idea, the A's in the wave 
function approach, has been recently revived and pursued vigourously by the 
Hannover group in a coupled channel calculation of the three nucleon system 
This method has several advantages. 

(1) Additional three body forces, such as that of figure 4(a), originally 
discussed by Fujita, Kawai and Tani fuji. are automatically generated. 
(ji) Those terms of higher order in momenta which correspond to non static 
propagation of the A are readily included, and significantly alter the 3NP 
contribution to the energy. 


Figure 4. Additional effects included in A in the wave function calculations. 
a. The 3nE - 3NP of Fujita, Kawai and Tanifuji. 
b. The dispersion effect on the two body potential contribution to the energy. 
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(iii) Dispersion corrections to the two body force contribution arising from 
the diagrams of figure 4(b) are readily included and tend to cancel the effects 
of three body forces. In the conventional approach with potentials and only 
nucleon states in the Hilbert space, these dispersion effects can be included 
only by taking the energy dependence of the two pion exchange two nucleon po- 
tential seriously S and finding ways to handle this energy dependence in many 
nucleon problems. 
(iv) t and p exchange can be readily included. 

Despite these advantages the A's in the wave function approach also has its 
short comings. 
(1) The implied mN amplitude does not provide a good representation of the mN 
amplitude in the subthreshold region. To convince oneself of this one can use 
the tables of Olsson and Osypowski ee multiplying the A amplitude in those 
tables by 1.37 to allow for the different choice of mNA coupling constant. 
Some coefficients are listed in table I. 


TABLES 


Coefficients aa pi) in the subthreshold expansion 
ay # Got + (as-+ ative * (ag + agtiy? Peat = = o 
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(ii) The implied mN amplitude does not satisfy the off pion mass shell con- 
straints of current algebra and PCAC. 
(iii) The mN amplitude implied by the A's in the wavefunction approach in which 
the A is on its mass shell differs significantly from the corresponding Feynman 
amplitude in which the A propagates off its mass shell. In particular off mass 
shell ambiguities exist in the latter amplitude, but appear in the former only 
when the contact terms in the Hamiltonain are included@2, While it may be 
argued that Olsson and Osypowskil? found that the subthreshold expansion in 1N 
scattering is well reproduced when the off mass shell term makes a small con- 
tribution, in their analysis of photoproduction@! they found that that a large 
contribution from the off mass shell term was required. This should influence 
the p meson exchange contributions to the amplitude in a significant way? 

For these reasons one cannot escape the conclusion that, even ina A's in 
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the wavefunction calculation one cannot avoid including explicit three nucleon 
forces — which one would expect to contribute to the energy with about the 
same strength as the A contributions themselves. 

2.2 The m-p Exchange Three Nucleon Potential (mpE-3NP) 

The importance of including » exchange terms as well as 1 exchange terms in 
the NN + NA transition potential was recognised quite early in the development 
of the A's in the wavefunction approach!”, but P exchange contributions were 


22,23 There 


included in explicit three body potentials only quite recently 
were two contributions to the conference@1?2° and a presentation to the work- 
shop on this subject. The pN + mN amplitude has obvious relations to the 7 
photoproduction amplitude, which has been discussed by Ellis in a contribution 
to this conference-° 


23,24 


Once again model independent™~’ 22,25 


and model making approaches to the 
construction of the amplitude are possible. The relationship between these 


approaches is illustrated in figure 5, which is to be compared to figure 3. 
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Figure 5: The opN + mN scattering amplitude 


In the model independent approach chiral symmetry breaking terms, analogous 
to the o term in the mN scattering amplitude, arise in the same way that these 
terms appeared for the + photoproduction amplitude studied by McMullen and 
Scadron”’. However, in contrast to the mN case, this time the chiral symmetry 
breaking terms do not contribute in a numerically significant way. Thus there 
is not such a difference between the two approaches for the pnE-3NP as there is 
for the mnE-3NP. 
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The term of lowest order in k, which one may have expected to dominate the 
3NP, arises from the analogue Kroll-Ruderman term in 7 phosapreductiens:s This 
may be regarded as a contribution from the backward propagating nucleon in the 
y, coupling scheme, which is how Krol] and Ruderman originally derived the term. 
It may alternatively be regarded as arising from minimal substitution in the 


AO Le 
YsYu coupling scheme — as pointed out e.g. by Dombey and Read, in the 
photoproduction case. 
This minimal substitution is, in the present context, 
g 
ee u ao OREE A. won Se Weseeseears 
on w aa Ys c wo OF > Om w a Ys T. (9 844 1 a Py 54k) %3 (5) 


Ellis, Coon and McKellar choose to emphasise the "backward propagating” nature 
of the term, and to work with y, coupling, whereas Robilotta et al. emphasise 
the "contact" or seagull] interaction arising from the minimal substitution. 
The final contribution to the amplitude, is in the soft po limit (k > 0) 


for space like v. 

Robilotta and Isidro Filho, and earlier McKellar, Coon and Scadron“* claimed 
that this would be the major contribution to the pwE-3NP. However, at least in 
the case of nuclear matter the contribution of the Kroll-Ruderman term is sup- 
ressed relative to that from the A by the spin-flip, isospin-flip nature of the 
Krol]-Ruderman 3NP. The contribution of the A is further enhanced by tensor 
correlations in the wave function, and Ellis, Coon and McKellar</ found that 
the A gives the dominant contribution, although the Kroll-Ruderman term is not 
insignificant. 

Two rather subtle points arise when considering the oN > mN amplitude, 
and the related 3NP. The first is the treatment of the 7 pole in the oN > aN 
amplitude. As can be seen in figure 6 this may be regarded as a on force or a 
mr force. As there are two possibilities for the former the only simple way to 
treat this diagram without double counting is to regard it as a mnE-3NP. Thus 
in constructing a 3NP from the pN > nN amplitude we must subtract both the 
forward propagating nuclear poles and the t channel 1m pole from oN > aN ampli- 
tude before constructing the potential. 

The other subtlety is that one must ensure that the A contributes explicitly 
to the background term only — i.e. to terms of order k2, q2 or q-k. This is 
readily achieved with derivative coupling, as long as one writes M = k*C +g 
and disperses C rather than M. Should one adopt the alternative of dispersing 
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Figure 6: 3 Ways to regard the 7 pole in the pN + mN amplitude as contribu- 
ting to the 3NP. 
ij 


M, then one obtains a contribution to the M.~ amplitude proportional to ok 64 


== iis Ws however just what is required cancel the backward propagating 
Born term in May in the soft ee This cancellation is embodied in the 
Fubini, Furlan, Rosetti relation’, which is the photoproduction analogue of 
the Adler zero in the aN scattering amplitude. 

The net result of the detailed analysis of the pN > mN amplitude by Ellis, 
Coon and McKellar is that the pnE-3NP is given to quite a good approximation by 
the sum of the Kroll-Ruderman term, discussed by McKellar, Coon and Scadron and 
by Robilotta and Isidro Filho, and the A contribution introduced by Martzolff, 
Loiseau and Grangé. 

2.3 The pp Exchange Three Nucleon Potential 

The opE-3NP was also introduced by Martzolff, Loiseau and Grangé, in the A 
dominance approximation. In the non relativistic limit the resulting potential 
is of the form ((o; x k) x k) > ((o. x k') x k') in momentum space. However in 


— the backward propaga- 


this case, as emphasised by McKellar, Coon and Scadron 
ting Born terms do not cancel but give the p meson equivalent to Thompson scat- 
tering. These give a 3NP proportional to (o; x k) + (a2 x k') — of lower 
order in the momenta than the A term. 

There is also an additional contribution from the current commutator terms. 
These give rise to spin and isospin flip terms in the oN > pN amplitude which 


are in the non relativistic limit 
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for space like nu, v, 4, and were discovered by Beg in his analysis of "isovec- 


tor photon" scattering oy If one were to make models for this term, it is 
given by figure 7 — it arises from the po meson pole in the t channel. 
Figure 7: The p meson pole in the pN > oN amplitude which gives rise to the 


Beg term in the amplitude. 


However, Ellis, Coon and McKellar@* have found that these terms, although of 
lower order in the nuclear momenta, nevertheless contribute much less to the 
energy than the A term. This is partly a consequence of the strong magnetic 
coupling of the p meson, both to the nucleon and to the N-A transition ampli- 
tude — the effective expansion parameter is not k/m but - k/m, which for 
k/m ~ 1/2 is greater than unity. ; 

This "breakdown" of the k/m expansion could even signal the breakdown of the 
potential approach to the nuclear many body problem. Less dramatically it 
could be confined to the ppE-3NP, which according to ref.24 makes a small con- 
tribution ot the total energy in nuclear matter. Clearly this is a problem 
which should receive further study. 

2.4 The Form Factor Problem 


It is clearly unphysical to extend the Yukawa terms 


-mr 


implied by the 
meson propagators down to very small values of r. We know in the two nucleon 
problem it is necessary to take into account other exchanges with the same 
quantum numbers as those of the meson, and that it is common in OBEP models to 
take these exchanges into account through form factors at the meson nucleon 
vertex 
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The same solution to the problem has been used for 3NP. The difficulty is 
that the numerical results obtained are very sensitive to the assumed form 
EOS MAS observation >> has been revived in a new form in the contribution 
to this conference by Robilotta, Isidro Filho, Coelho and Das”. They point out 
that the form factor, which was introduced to moderate the short distance be- 
haviour of the potential, in fact influences the potential at quite large dis- 
tances — certainly up to 2 fm. 

Part of the reason for this extension of the influence of the form factor 
to large distances is that the radial potential is not in general the Fourier 
Transform of Gat but rather the Transform of aa When this is modula- 
ted by a form factor, the ke in the numerator ensures that the short range part 
of the potential, with a range A~! where A is the cut off in the form factor, 
has a factor A? which greatly enhances the contribution. 


To illustrate this consider the simple case of a square root form factor 


» when the potential in configuration space behaves like 


kK ‘ ame 
k2+ 2 \2+k2 


VG) =. Azad 


which is plotted in figure 8 for A = 61. 


: WNekee) 


Figure 8: Showing the influence of the form factor on the radial dependence 
of the potential (after A. Cass33). 


448c B.H.J. McKellar, W. Glockle / Three-Nucleon Forces 


It should be emphasised that this is a physical effect -— the one pion 
exchange channel, and hence the mNN form factor, receives contributions from 31 
exchange which does indeed have quite a long range. A number of attempts have 
been made to calculate the expected behaviour of the form factor; a dispersion 
relation®’ calculation, fitted with a monopole form gives A = 5.5u; fits to 
the average differential cross section for np Charge Exchange and pp charae 
exchange” suggest a smaller A = 4.1u in the monopole fit; anda recent self 
consistent attempt to fit a number of form factors*° used the parameterisation 


200) ies 5 a eee - 
1+ q?/Af 1 + (q?/A3)" a1 + B G2/NG op) 


and obtained for the mNN form factor with n = 2, A; = 1 GeV, A, = 9.49 GeV. In 
the latter two cases information about the large q* behaviour of the form 
factor from the constituent interchange model in the first case, and from QCD 
in the other?” was used to constrain the parameterisation. 

All of these analyses, while they differ in details, serve to suggest that 
the small q* behaviour of the form factor may be able to be fixed by theoreti- 
cal and experimental work. A ~ 5.6 (700-800 MeV) would seem to be a reason- 
able value to adopt, and for these values the form factor does induce signifi- 
cant changes in the potential in the 1-2 fm region. 

We believe that these effects are physical rather than spurious, and should 
not be discarded in the way proposed by Robilotta et al. However results ob- 
tained for the effects of three body forces will depend sensitively on the be- 
haviour of the form factor, and more effort could usefully be devoted to 
fixina the form factor from independent studies. 


3. EFFECTS OF THREE BODY FORCES IN THE THREE NUCLEON SYSTEM 

3.1 Contribution to the Binding Energy 

There are a number of approaches to the calculation of the Binding Energy of 
the triton, and by now many of these methods have been used to include the 
effects of a 3NP, including the Faddeev scheme, the variational Monte Carlo 
method, the ATMS method and the hyperspherical harmonic method. To facilitate 
a comparison of results obtained in these calculations we will present detailed 
results only for those calculations which use a comparable 3NP - we choose to 
make this comparison with calculations done using the Tucson-Melbourne m7E-3NP, 
with a monopole form factor with a cut off parameter A 61. 

In the Faddeev equation approach, the 3NP may in principle be incorporated 
into the Faddeev or equivalent equations in a variety of ways??, Because the 
3NP, W, does not introduce physically distinct amplitudes, it is possible to 
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split Ty the partial T matrix in which the last interaction is the 3NP, in 
various ways giving different generalisations of the Faddeev Equations. One 
method which has been exploited in practice for the On E-3NP>2 has been to uti- 
lise the fact that this particular W may be written, in a natural way, as the 
sum of three terms 


W = W) + Wo + Ws (10) 
where the subscript labels the nucleon which is the active scatterer. It is 


then possible to associate W, with V, (the two body interaction between 2 and 
3) and define a partial T matrix by 


Mie ce Nee Wh an Mg CHAD Gy T (11) 


from which the wavefunction 


¥Y = (1 + PyoPo3 + Py3P32) (12) 
where 


Ve = 9G. TUPigPos Pyar an)Y (13) 


0 


may be constructed in the usual way. 
The T matrix including three body forces can be expressed in terms of that 
generated from two body forces only, which we call t, by solution of 


if Sigal ae Go) Wy (1 + Go DW) « (14) 


In a momentum space approach to the three nucleon problem the material variables 
are the Jacobi co-ordinates, whereas the natural coordinates for a meson ex- 


change 3NP are the meson momenta -— which depend on both of the Jacobi momenta 
for the initial and final states, and so the 3NP has a complicated partial wave 
premieion 7: 


The (i$) convention for labelling the three body states is adopted, so that 
the states are [[z x s]¥ = [ > ih ths sl. The 1S5, 3S;, 3S,-3D, two body 
states generate the 5 channel truncation of the Hilbert Space. 

Glockle's method =" of computing the energy including the 3NP used a trunca- 
tion of W, to the first three channels, a solution of (14) to first order in W), 
the Reid potential for V and the solution of (13) in momentum space. He used 
the Tucson-Melbourne m7E-3NP and obtained the result quoted in Table II. 

Glockle found that the results are sensitive to the choice of cut off in the 
form factor. A = 5.8 gives E; = 1.3 MeV, but A = 7.1u gives E3 = 1.9 MeV. 

Muslim, Kim and Gada - and Bane iburg |e calculated E3 perturbatively, from 
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< wiW(1 + P)lw > 
Bs” ari FPS a 
using a 5 channel calculation of w. These results, given in table II, are com- 


parable, but with a residual numerical discrepancy which needs to be understood. 
They obtain a negligible net E3, s and p wave terms cancelling against each 
other. 

It is interesting to compare these results with the result EB = 0.65 MeV 
obtained by Torre et a They solve the Faddeev equations in configuration 
space truncated to 12 channels, using the Tourreil-Sprung two nucleon interac- 
tion, and a square root form factor with A = /10u. The small result could per- 
haps be attributed to the longer range form factor, were it not for the fact 
that the convergence of the partial wave expansion of (15) has been called into 
question by some recent work of Bomelburg et toe An 18 channel result, 
quoted in table II is obtained which is again very small. However they find 
quite large individual contributions, even up to the last channel, which fluc- 


tuate in sign. For example 


< #1|W3(1 + P)|#1 > = -0.164 MeV (16a) 
< #1|W3(1 + P)|418 > = 0.330 MeV (16b) 
Where |#1> = |!So, S, 34s > has 44$ of the normalisation, 
me 
and |#18> = |3D,, dejo 3 72 has just +0.1% of the normalisation. 


There is thus no reason to expect that the omitted channels give small con- 
tributions. The calculation must either be extended, or a way found of evalu- 
ating matrix elements (or more directly E3) without recourse to a partial wave 
expansion of the P operator. 

One method which has the advantage of not requiring such partial wave expan- 
sion is the direct evaluation of the matrix elements through Monte Carlo inte- 
gration. Wiringa’®, and Carlson, Pandharipande and Wiringa’? have used this tech- 
nique in conjunction with a variational calculation, revarying the parameters 
of the wavefunction after including the three body force, so their result goes 
beyond perturbation theory in W. They found a relatively large net effect from 
the three body force, 1.15 MeV attraction. 

Wiringa’® reported more recent calculations to the workshop, in which the 
Monte Carlo method of evaluating the expectation value of the Hamiltonian is 
used in conjunction with a three body wave function obtained from Faddeev cal- 
culations’. Using the two body Reid potential, the binding energy of the 
triton is significantly lowered by the new wave function, but the contribution 
of the mmE-3NP to the potential is not changed. 
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is altered. 


Results of Triton Binding Energy Calculations. 


TABLE IT 


The 


451e 


also reported an interesting effect when the two body potential 
Table III shows some of his results. 


Reid Potential is used for 


the two body potential, and the Tucson-Melbourne mnE-3NP with a monopole form 


factor and A ~ 6 is used for the three body potential. 
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MUSLIM, KIM 
and UEDA 
ref. 40 
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ref. 41 
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Energies are in MeV. 
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3 Channel W 
5 Channel 


5 Channel 


18 Channel 


Variational Wave 
function 


Faddeev Wave Function 
Monte Carlo Integral 


It will be observed that as the repulsive core in the two body potential is 


weakened, increasing the two body binding energy, the three body potential con- 


tribution becomes more repulsive, leading to a somewhat smaller total binding 


energy. 


The physical reason for this is the larger probability that two nucle- 


ons are a short distance from each other, and so feel more of the short range 


repulsion in the m7E-3NP. 


Dependence of Triton Binding 
Two Body 
Potential 
Reid v 14 
Argonne V j4 
Supersoft Core 


TABLE III 


Energy calculations on the Two Body Potential. 
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27.29, 0.44 
27.38". 0:58 
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Now we see that we are entering terra incognita 


structed to be a good approximation to the long range part of the 3NP. 


E3 Ftot 
3 cal leu S828) 
5 -0.94 =8.23 
5 =OR G7 -8.05 


the mmE-3NP was con- 
Physi- 


cal effects which depend on its short range properties are likely to be altered 


by shorter range parts of the 3NP, which must now be included. 


One can either 
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utilise the moE-3NP and the ppE-3NP discussed above, or a phenomenological 
approach, which we describe below, in which one tries to fix the short range 
behaviour of the 3NP to fit the observed binding energy discrepencies in 3H, 
*He and heavier nuclei. 

Hajduk et Th have applied the A coupled channels approach to the triton. 
They find a considerable dispersion effect in the two body interaction, and a 
significant effect from a non static A propagator. With | = 7u and monopole 
form factors their results are summarised in Table IV. 


TABLE IV 
Contributions to the energy of °H in a A coupled channels 
approach©9. 

: Two Body Three Body Total 
NBEO ECM Dispersion Energy Energy Energy 
11 2 5. -1.4 O27 

TO -2.2 ORS -1.7 

op Oey 0.1 0.8 
Total 0.6 -0.8 -0.2 


Once again, there are almost complete ccancellations of individual terms, 
leading to a small final result. The advantages and disadvantages of the A 
coupled channel approach as a representation of three body force effects has 
been discussed above. A consequence of the cancellations and the small final 
result from this approach is that it is important to include three body forces, 
such as the s wave mmE-3NP, the Kroll-Ruderman toE-3NP, and off A mass shel] 
terms in the A coupled channels calculation, and we see this as the desirable 
NeXTeEsIte Ds 


3.2 The Doublet Scattering Length 
43 


Torre et al. have calculated the effect of the p wave part of the Tucson- 
Melbourne mmE-3NP on the doublet scattering length. They found that the large 
Reid soft core value (a> = 1.5 fm) was reduced to 1.0 fm — a step in the 


right direction, but not far enough to agree with the experimental value of 
Os65estme Deininoge in a report to the Bochum workshop, showed that one could 
explain this result on the basis of the work of Girard and Fudae’ which related 
a> to the energy Ey of the virtual state of the triton, which is below a n-d 
threshold in the second sheet. Delfino then exploited this connection to obtain 
a> including the full Tucson-Melbourne m7E-3NP, averaged over the spin isospin 
state with the triton quantum numbers. He used a separable Unitary Pole Approxi- 
mation to the Malfliet-Tjon potentials I and III as the two body interaction. 

His results are summarised in Table V. 
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TABLE V 


Binding Energy of the bound and virtual states of 3H, 
and the doublet scattering length. (after Delfino®!). 


E3 Ey a5 
without 3NP -8.50 MeV -0.49 MeV 0.8 fm 
with 3NP -9.05 MeV -0.47 MeV OS) tin 


3.3 The Charge Form Factor of He 

One of the intuitive arguments in favour of a non trivial 3NP effect in 
three nucleon systems is the observation of the dip in the central charge den- 
sity, or equivalently a "large" secondary maximum in the charge form factor” 
However calculations with present three nucleon potentials do not reproduce the 
observed charge form factor. As an example we show in figure 9 the results of 
Carlson, Pandharipande and Wiringa’’ for the charge form factor of 3He. The 


“I @) Ci) oN > 


Bees. 408 15 920 25) 30) cfm) 
With 3NP 


25 Fae eee Without 3NP 


Figure 9 


The Charge Form Factor of 3He, for the Reid Potential with and without the 
Tucson-Melbourne mmE-3NP (after ref.47). 
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minimum is moved to smaller q, and the height of the secondary maximum 71S in- 
creased, but neither of these trends is sufficient for the calculated charge 
form factor to be in agreement with the observations. Possibly it is necessary 
to look to exchange current effects, or quark effects, to resolve the discre- 
pancy between calculated and observed form factors. 

3.4 Effects of three body forces in break up reactions 

Slaus, Akaishi and Tanaka>’ noted the discrepancy between the n-n scattering 
length extracted from different reactions. In particular 


ae (nd + pnn, knock out) = -20.7 + 0.2 fm 


iT 


<a (md = nn) -18.6 + 0.48 fm 


nn 


<a__(nd + pnn, pick up) Sia = O27 anit 


re 
They then suggested that including three body forces in the analysis of the 
break up reaction increases an extracted from knock out reactions, and de- 
creases a. Bee from pick up reactions, thus removing the discrepancy. 
However Meier~~, in a paper presented at the Bochum workshop, reported calcula- 
tions suggesting that the effect of the 3NP on the extracted value of ana is 
angle dependent, and that a succinct statement of the effects of 3NP on a, Was 
impossible to make. 

Meier? and Bomelburg, Glockle and Meier give results that the 3NP could 
have effects in star, collinear and quasifree scattering regions in the pnn 
final state phase space. These effects are predicted to be smal] (< 13%) and 
will be difficult to cee but this seems to be a useful way to look for 
effects of the 3NP. 

Two warnings are in order. Since the angle dependence of the 3NP is one of 
its important attributes, one may have expected either the star or the collinear 
configurations to display an enhanced cross section, and the other to show a 
Suppressed cross section. However, in the calculations it is found that the 
cross section for both configurations is enhanced by the mmE-3NP. Thus one 
must guard against being led astray by intuition. 

Almost as important is the warning that one should not stake too much on the 
present calculations. Both the two body force (an UPA to the Malfeit-Tjon) and 
the three body force (spin-isospin matrix element of the Tucson-Melbourne 
mrE-3NP) are subject to improvement. This process makes Significant changes in 
the calculation of E3;. Whether similar changes occur in the break up reaction 
will only be known when more extensive calculations are done and the present 
approximations are superseded. 
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4, NUCLEAR MATTER 

Nuclear Matter has been the traditional testing ground for three body forces. 
Since the last Few Body Conference there have been two significant developments 
in calculations of E3/N, the contribution of the 3NP to the binding energy per 
nucleon in symmetric nuclear matter. 

In the first of this Wiringa et Apes have calculated E3/N in the varia- 
tional Monte Carlo approach, using the FHNC(4)/SOC method to include spin and 
jsospin dependent correlations in the wavefunction. This relaxes the "effec- 
tive potential approximation" used in earlier evaluations of the contribution 
of the 3NP to nuclear matter®, and allows contributions from all of the various 
spin-isospin components of the 3NP. Of the results obtained by Wiringa et 


46-48 
al 


, we illustrate in figure 10 those obtained using the Tucson-Melbourne 
mmE-3NP, again with monopole form factors and A = 61, and those obtained using 
a phenomenological 3NP which we discuss in more detail below. 

It will firstly be noted that the "realistic two body potentials underbind 
nuclear matter at the observed density (kp = 1.36 fm !), but predict saturation 
at two high a density and too large a binding energy. Including the Tucson- 
Melbourne mmE-3NP produces 1.9 MeV additional binding energy at the observed 
density, but exacerbates the undersirable features of the two body potential 
saturation curves. The calculated saturation point is shifted to higher den- 
sity and greater binding energy. Presumably one should look to a force which 
enhances the short distance repulsion to decrease the equilibrium density and 
binding energy. 

It is possible that the mpE-3NP will have this effect. Ellis et al. 
have reported calculations of the effect of this potential in nuclear matter, 


24,57 


calculating the effects of tensor correlations using the effective potential 
approximation, but allowing double exhcnage terms in the matrix element of W 

to estimate the importance of the Kroll-Ruderman terms. Table VI is abstracted 
from their results. 


TABLE VI 


Contributions of mE, mpE and ppE-3NP he is binding energy 
of nuclear matter (after Ellis et al.2t99 Ve 


3N Potential Contribution to E,/N at Ke = 4 ck5 
THE -3.60 MeV 
toE, KroJ1-Ruderman +0.56 MeV 
TOE, A +2.27 MeV 
ppE -0.12 MeV 


Total -0.89 MeV 
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Figure 10 


The saturation curves for the binding energy of nuclear matter, using two body 
potentials with meson theoretic and phenomenological 3NP (after ref. 46-48). 


Note firstly that this approximate method, applied to the mnE-3NP gives 80% 
more binding energy than the more exact calculations of Wiringa et al. Note 
also that much of the attractive energy from mz exchange is cancelled by a re- 
pulsive contribution from mp exchange. Finally note that the A contribution 
dominates the Krol]l-Ruderman term, but that the Kroll-Ruderman term makes a 
significant contribution and should be retained. 

It will be interesting to see how the inclusion of further correlations in 
the evaluation of the matrix elements of these shorter range terms in the meson 
exchange 3NP alters these results. We hope that the results of such a calcula- 
tion will be available in the near future. 
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5. THREE NUCLEON POTENTIALS IN THE «a PARTICLE 

The influence of 3NP in the a particle is expected to be greater than its 
influence in the three nucleon system, simply because there are now many more 
triples which can interact through the 3NP. Three body forces in the a particle 
oY and Wiringa et Ae 
To illustrate the effects, Table VII gives the results obtained by Wiringa et 
al using the Tucson-Melbourne mrE-3NP, comparing the results with those obtained 
in the triton and nuclear matter. While the three body force does not provide 
enough additional binding for the triton, there is a slight tendency to overbind 


have been studied by Coon et ales Tanaka et ae? 


which iS more pronounced in nuclear matter. 


TABLE VII 
Results obtained for °H, *He and Nuclear matter by Wiringa et alee oe? for two 
body forces only, and with three body forces included. 
Two body 
Brapacrion Argonne Vy, Urbanna Vy, 
Ey Hs) 105 || hea a a0) 
3H 
E, -1.1 -0.9 
EF ot =8.1 = O81 =H.) = 
E> =225)\ = One aQ6\.8) = 02 
*He 
E3 -7.] -6.5 
Et ot =/M) i) 25 (05/5 a). 2 (45 
E5/N -18.1 -20.0 
Nuclear 
Matter E,/N =9'.5 -4.5 
D7 -24.5 
Eeot/N ZI [6 


Tanaka®? has emphasised the significance of the excited states of the a 
particle as a proble of the structure of the three nucleon potential. The num- 
ber of s state triples, and the spatial wave functions both change in going 
from the ground state to the excited states, as does the magnitude of the dis- 
crepency when two body forces alone are used — it is about 6 MeV for the 
ground state and about 2 MeV for the excited states. Both Sato et Ale and 
Wiringa et Ve have studied the spectrum of excited states, and both have 
proposed to use this as an ingredient in the determination of the parameters of 
a phenomenological three body potential. 

These investigations show promise that this may be a way of investigating the 
structure of the three body force provided we can satisfy ourselves that the 
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contribution from four body forces.” is either negligible or reliably estimated: 


6. OTHER APPLICATIONS OF THREE BODY FORCES 

At a few body conference it is perhaps appropriate to emphasise the applica- 
tions of 3NP to the traditional few body problems. There are however two other 
recent applications of the 3NP which are interesting because they emphasise 
different qualitative features of the interaction. 

Ando and Bando°® have calculated the contribution of the three body force to 
the spin orbit splitting of one particle and one hole states in ?°0 and *°Ca. 
Using the 3NP of Martzolf et aL they obtained a three body force contribution 
20-30% of that obtained from two body potentials. Similar results were obtained 
using the Tucson-Melbourne potential when a large cut off (A ~ 8.5: in a mono- 
pole form factor) was used, but at A ~ 6u the 3NP contribution was dramatically 
reduced. We believe this work is important because it demonstrates that the 
spin orbit splitting is sensitive to the 3NP. With further work it could help 
us to decide between different models of the 3NP. 

Coon, McCarthy and Vary®* investigated the influence of 3NP on the magnetic 
transition form factors of !70, which have been difficult to understand in the 
conventional shell model with only two body interactions®>. They found that 
the Tucson-Melbourne m7E-3NP, in conjunction with meson exchange currents, was 
able to give a reasonable approximation to the observed form factors. Perhaps 
even more interesting was the fact that they showed that the Tucson-Melbourne 
mmE-3NP gave significantly better agreement than the Fujita-Miyazawa m7E-3NP. 
These results hold out the hope that we may have in the magnetic form factors 
not only evidence for the three body force, but a means of differentiating 
between different three body forces. 

Both of these results are indications that one may find out more about the 
3NP by looking at nuclear properties other than the binding energy. Further 
work along these lines should be encouraged. 


7. PHENOMENOLOGICAL THREE BODY FORCES 

It is clear that the short distance properties of the 3NP are not well 
determined by existing meson theoretic models. This of course parallels the 
situation of the two nucleon potential, where the short distance potential is 
not fixed by the meson theory, and is often parameterised. 

A similar approach to the 3NP has been suggested by Wiringa et al ee and 
by Tanaka and his collaborators. ©! In this approach a simple parameterised 
3NP is written down, and the parameters are varied to obtain the best fit to 
data, usually chosen to be the A = 3 and A = 4 systems, and for Wiringa et 


46-48 : . 
al. these systems with the saturation properties of nuclear matter. To 
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date a satisfactory fit to all of these data has not yet been obtained. That 
may be indicative of at least one of the following three difficulties: 

(i) The form chosen for the 3NP may not be the appropriate one. An exhaus- 
tive study of the possible spin-isospin covariants has not been performed, as 
far as we are aware, but Ellis et Baad found 22 spin covariants to quadratic 
order in the nuclear momenta in their study of the mpE-3NP. This is an indica- 
tion that there is a rich field of possible structures waiting to be explored 
in constructing phenomenological potentials. 

(41) Four Body potentials¢, or even multibody potentials’, may be import- 
ant. The conventional argument©* is that such potentials have negligible 
effects at normal nuclear matter densities. But the density dependence of 
such potentials is dramatice®, and they could influence the saturation proper- 
ties of nuclear matter. 

(iii) At short distances the potential concept may break down completely and 
we must deal directly with the quarks, rather than working with nucleons and 
mesons. This possibility has been argued forcefully at this conference, but we 
believe its relevance to "soft" nuclear physics at low momentum transfer 
remains to be established. 


8. OTHER APPROACHES TO THE THREE BODY FORCE 

It is intuitively clear that there are close connections between the two 
nucleon potential and the three nucleon potential, and that in an ideal world 
one would like to see both potentials obtained in a consistent way from the 
ame underlying theory. The work of Fonsca and Pefian’ provides an attempt to 
do this in a model in which the 2NP is obtained in the Born-Oppenheimer molec- 
ular approach to the NNw system. At the present stage this model cannot be 
regarded as realistic, it may be interesting to relate it to the more conven- 
tional meson theoretic potentials in an attempt to learn more about the inter- 
relationship between the 2NP and the 3NP. 

Orlowski and Kime? have pointed out that an energy dependence in the two 
body potential introduces a three body potential when imbedded in the three 
body problem. In a qualitative sense one must anticipate this, because the 
introduction of the third particle will alter the energy of the two body sub- 
system. However there are difficulties involved in constructing a consistent 
set of three body equations for energy dependent potentials®® and the prescrip- 
tion used by Orlowski and Kim, which is to set Ey, = E3 - a* does not seem to 
overcome these difficulties. In general energy dependence of the two body 
potential reflects the suppression of degrees of freedom -— in the case of 
interest to Orlowski and Kim these are the quark degrees of freedom -—— and it 
may be more straightforward to retain these degrees of freedom in the three 
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body problem or to project them out at the point, rather than construct a con- 
sistent set of three body equations for energy dependent potentials. 


9. CONCLUSIONS 

There is an increasing body of evidence that two nucleon potentials are not 
enough to account for the behaviour of many nucleon systems. Three nucleon 
potentials are the obvious next step to introduce in trying to understand that 
behaviour. 

At present results obtained using mm exchange three nucleon potentials, 
which should dominate the long range behaviour of the 3NP show a great deal of 
sensitivity to the short range, or large momentum transfer properties, of the 
3NP. The immediate task facing those who construct the 3NP in a fundamental 
way is to improve our understanding of the short distance régime of the 3NP. 
The construction of 3NP with heavier meson exchanges is one step which has been 
taken, but we would predict that, before Few Body XI, the quark model will be 
invoked to try to understand this part of the potential. 

For those who use the 3NP we suggest two lines of approach that seem to us 
to be capable of providing useful insights into the presence and the nature of 
the 3NP. The first is in the study of break up reactions in the three body 
system, the second is the incorporation of the 3NP beyond the effective poten- 
tial approximation in the construction of matrix elements of one body operators 
in many body systems, which has applications to spin orbit splitting and elec- 
tromagnetic form factors. It is possible that these processes will be more 
sensitive to 3NP than the binding energy of many body systems. 

Of course when we are satisfied we have understood the 3NP, and even before, 
we will need to start to worry about the effects of four body forces! 
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RECENT DEVELOPMENTS IN FEW-PARTICLE SCATTERING THEORY | 


K.L. KOWALSKI 


Department of Physics, Case Western Reserve University, Cleveland, Ohio 
44106 USA 


Work since 1980 on dynamically complete scattering theories in reviewed. 


1. INTRODUCTION 

Few-body methods are distinguished from conventional ones by their represen- 
tation of a complete description of the physics. The latter ones, about which 
we have a lot to say, provide a self-consistent calculational scheme only fasena 
the particular truncation of the physics characteristic of the method has been 
imposed. Nonetheless, conventional methods have been of interest lately because 
they are viable and people do calculate with them (two attributes that have been 
painfully absent from few-body efforts for N > 4) and because the clean extrac- 
tion of the low-order approximations they suggest from full sets of scattering 
integral equations has proven to be fairly difficult. 

How good are the standard algorithms and what should we look for in attempt- 
ing to improve upon them? A hint can be found in the following observation 


",..When the standard methods are applied to real reactions they can give accep- 
table results only because of the flexibility introduced by the use of effective 
interactions. These difficulties should be borne in mind when evaluating the 
apparent success of nuclear reaction theories." 


Can we define and then systematize the calculation of these effective inter- 
actions? Most of this review is dedicated to work over the last three years at- 
tempting to answer this question based on N-particle scattering theory. The 


2 : - 
last reviews are given at Eugene . Ref. 3 can serve as an introduction to the 


concepts and the notation used here. The otherwise excellent review in Ref. 4 


5-7 
ignores the formulation of Chandler and Gibson (C-G) . Many of the ideas im- 


plicit in the C-G approach are valuable in sorting out the ambiguities endemic 
to truncated multichannel problems. 
2. THE OPTICAL POTENTIAL 

Although the optical potential (OP) is the archtypical effective interaction, 
it means quite different things to different people. By whatever criterion, 
there has been an extraordinary surge of interest of late in the OP. A major 


portion of this new work is a completion and modernization of the type of OP 


formalized by Fechbach: for distinguishable particles. 


This work was supported in part by the National Science Foundation. 
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A two-body effective interaction (EI), U(p',p) generates the amplitude for 


the elastic scattering of two composite objects: 


64 > ~ aap => an ppl Pes 
1G") = UGB) + [ca py HOUPIR PD (2.1) 


An OP differs from an arbitrary EI by its singularity and reality structure; its 
antihermitian part is supposed to reflect the loss of flux from the elastic 


channel due to inelastic processes. This is equivalent to the stipulations 


Dee at ean cece eae e (2.2a) 
opt opt 


F = dogs 
cee Ve Elastic cut 0 < ( ) 


upon the OP operator Veoe ee where z is a complex energy, which ensures that 
eae is hermitian below the inelastic threshold. While it is easy to find 
EL's satisfying (2.2b) by separating out the discontinuity across the elastic 
unitarity cut, the hermitian analyticity (h.a.) requirement (2.2a) is more 
dit inewlit iro satis. 

The Fecheuch” formalism is a neat realization of (2.1) = (2.2) for the sceat— 
tering of two bound clusters (8) of distinguishable particles, where for the 


elastic operator, Te g (2) = ye aa ve G(z) ve . 


Tap?) = Vope ne + ope Gg (z) Pe Te pS) ( 2.3) 
oe B i B 
ape ea) = NS ra nO [z - QW H Qg] Qe V ; (24) 
where Zz is taken to be E+ i0 in the scattering limit. [The validity of the re- 


nowned (2.4) above the threshold for rearrangement reactions has been called in- 
to question by toboewaa cal The projection-operator technique removes the elas- 
tic unitarity cut structure from Vope ae and the hermiticity of ve implies 
(@r2a) tox Uopeee ne) which is therefore hermitian for z not in the spectrum of 
Qe H Qe that, for simplicity, we take to be below the inelastic threshold. The 
pole singularities of vopee can be identified with resonant Saree 

Apart from interpretational questions (energy averaging, e.g.), the major 
problem with (2.4) is its calculation and a systematic way of doing this was 
proposed only fecently 7: We emphasize that the definition of (2.4) is en- 
tirely independent of any formalism used to calculate it. Particle identity 
presents a formidable obstacle to the generalization of (2.3) and (2.4). 
Feshbach's 1962 papee includes identity in the projection operator formalism to 
obtain an effective (total) Hamiltonian, but not an optical potential a" 
For the generalization of (2.3),(2.4) one requires a (anti-) symmetrized 


transition operator, T(8), formed from a class (8) of exchange-equivalent 
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rearrangement operators, 78,8 ay Icy is B 
A oe 2 0} 

Ee eso (2.5) 


x 
Bes 


> 


where Ag 8 is an exchange operator corresponding to the permutation that maps 
> n x 

the canonical partition, B, into 8 € ®. Note that T(8) depends on the off-shell 
BB 


form of T’ as well as 8, although the scattering amplitudes depend on neither. 


An antisymmetrized OP operator, U(®8,z), can be defined in terms of T(B,2) ea 


T(B,z) = U(B,2) + U(8,z) Gg(z) 18,2). (2.6) 


Only matrix elements of 
V B Zz = P= J B 5 P— Daa 
ope > ) 8 (B, ) B ( : ) 


are required in the elastic scattering problem but different off-shell exten- 


tions of Tp g (2) still yield different poles. The "symmetrical" acst* off- 
> 
shell extention, 


AGS 
3 = 6 Be 
G ee ae Joe Ce 2 (253) 


yields an OP satisfying (2.2) and so that below the inelastic threshold the 

elastic scattering is described by a hermitian potential. This does not work 
for the so-called post or prior extensions, which yield effective interactions 
satisfying neither (2.2a) or (2.2b), because the r¢ 


AGS 12a D, 
Ty af) are . AGS is not unique in this respect and any nonpathological, 
’ 


(2) are not h.a., while the 


12 
"symmetrical", T will generate an OP with the desired properties ; Bencze 


b,a 
and Chandler have generalized the work of Ref. 9 using such a T . The con- 


nected-kemel (CK) OP formalism proposed Ref. 10 using a muti) Sal ee 
scheme is a trivial application of the work of Refs. 6,9. The OP's introduced 
by Rdeskari* are incorrectly defined in terms of the inversion of an operator 
that cannot possess an inverse. 

In view of the proposals of Ref. 16, we show how easy it is to satisfy only 
(2.2b). I£ we introduce the channel coupling scheme v2 = ) Vai then the post 


seh : 9 
transition operators, satisfy 


rey = fae. Scr Pe mts. 15 (2.9) 
where G = Cae ae Sele RPS = Coy aso? PS is a two-cluster bound 
state projector, and (Q = I —- P) 

r= Ve Veco aes PF cto Wi (2.10) 
We assume nonidentical particles for simplicity. Clearly I satisfies (AsZig leysive 


mot (2.2a). ce 


> 


is half-shell equivalent to 


es po? Dee 
tights as hate a Toa : as) 
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so Bs 4 18 a non-h.a., formalism-dependent (on the choice of V) EI. With the 
Protea euler we obtain similar results but with I’ replaced by ioe (given by 
(ZeMOY wate WY =. ve ot = transpose). Lt is eExivials towextend) this to the 
antisymmetrized ee 

The antisymmetrized forms of Te appropriate to a given Pauli-equivalent set 
of two-cluster partitions are the "new class of OP's" proposed by Adhikari, 
Kozack and ee oe but according to our requirements for an OP the ne are not 
OP's but EI's. Even in the nonidentical case Us 5 is quite distinct from the 
Feshbach Ug 4 and depends upon the choice of ya,c, Approximate Pare may give 
rise to ive that violate unitarity even below the inelastic threshold: (2.2b) 
is not enough. The preceding discussion also shows that the particular wave 
function formalism used in Ref. 16 is really irrelevant and provides no preferr- 
ed status to ir. 


Note that the same approximate I’, e.g., will yield different on-shell elastic 


amplitudes depending upon whether (2.11) or the pease OP formalism is used. 
The general properties of I and implicitly ia (cf. Ref. 17) are studied in Ref. 
Qe 

Finally, we note that Bencze and Chandler © have shown that the curious en- 
ergy-independent op’? is the abstract form of Feshbach's OP appropriate for 
time-dependent scattering theory and thus carries no new physical content. Iden- 
tity and unitarity questions still remain unanswered in this formalism. 

The properties of OD) have been investigated using conventional, Refs. 
105127 20-22% and CK, Refs. 9, 135235 tecimiuiques, | Uhiis OP (satisties (2.2) .ean— 
cludes all effects of particle identity, is formalism independent, incorporates 
the Feshbach resonance structure, and is related to the antisymmetrized Feshbach 
effective Hamiltonian by a nondynamical transformation. 

These last properties, along with some applications to multiple 12c and in- 
elastic eater ine have been developed using the conventional formal operator 
algebra that would involve illegitimate operator inversions if the scattering 
limit (S.L.) z* E+ i 0 were taken prematurely. For example, although the 
ee 


,. rae. yee a : eres ol 
solution” [1 Vv G (2) V of the LS equation Dy igh? NE SE Ny GC) a a6?) 


does not exist in the.S.L., for complex z it can be rearranged to yield a 
“closed form’; Tea aly en C@) Yok which is well defined on the cut. Al- 
termatively, this heuristic procedure can be discussed in terms of LS nonunique- 
ness as merely an algorithm for projecting out all but the desired particular 
Bola oner fopeenan a: has questioned this and has insisted, in effect, but 
without substantiation, that all intermediate inversions must also be S.L.-de- 
fined. The assessments of various OP's in Ref. 10 appear incorrect in that they 


are based upon irrelevant criteria. Unitarity necessarily requires the S.L. and 


one must be careful; e.g. the treatment in Ref. 24 is not generally correct. 
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All of the recent work!2¢,29,22,25 


combining identity with multiple scatter- 
ing (MS) formalisms fail to achieve this while taking identity into account in 
all of the intermediate scatterings. The Green's function Ge for the two- 
cluster channel of interest that appears in all of the constituent operators in 
Refs. 12c,20,22 contains no restriction on the permutation symmetry of the B- 
cluster states. Thus, any approximation scenario necessarily involves uncer- 
tain assumptions about the role of these unsymmetrical states. Surprisingly, 
the well-known KMT”© formalism has the same defect even in the case where pro- 
jectile identity is ignored. The tricks that have been proposes 7 #eeo2e 
the KMT case in order to retain a MS structure pay the steep price of re-enter- 
ing the full Hilbert space and bringing back unproperly symmetrized target 
states. The cumulant-type expansions used in Refs. 12c,20,22 for either the 
AGS-or-post-generated OP's with identity also have the serious shortcoming of 
failing to identify the role of the heavy-particle exchange terms. This is not 
the case in Ref. 25, but here the avoidance of antisymmetrized subsystem opera- 
tors requires an unphysical split of the two-nucleon potentials into direct and 
exchange parts. The virtues of the post off-shell extension (as contrasted to 


U2 GaP OS22 2y), é ; ; 
are based on circular reasoning concerning 


AGS) put forth in Refs. 
the generation of the "correct" MS structure; this is ambiguous because of the 
unsymmetrized-target-state problem. It appears one really needs a full-blown 
N-particle formalism to give credence to some of the MS approximations to the 
OP with full account of particle ence 

A natural low-order approximation to hee yields an equation for the project— 
ed wave function that is tantalizing close to that of the RGM method. This 
"close encounter" is deceptive because the two methods refer to different asso- 
ciations with the elastic transition operator (see Sec. 3). 
3. EFFECTIVE INTERACTIONS FOR REARRANGEMENT 


15b,28 


A spate of articles have recently appeared concerning the widely used 


coupled-reaction channel (CRC) method motivated by ambiguities in the definition 


of the approximation and the related difficulty of recovering some version of 


the CRC from an N-body theory. 
Ultimately the CRC method defines a set of EI's, Uigld), referring to a dis- 
tinguished set A= {a,8,...} of two-cluster channels characterized by the pro- 


jectors Vea the union of whose ranges span the relevant model space. The 


peor? 
rearrangement transition operators are then determined from 


(Ade em AyeiG: fp (3x) 


‘ 7 
yea ey YA XKe 


ab ae 


where either Uy 6A) is given and (3.1) determines eye , or a given off-shell ex- 


tension for Pag Pe specifies Uy gl - 
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It is easy to construct (for specious reasons) Ug A that lead to ill-de- 


fined (3.1). For example, the hermitian choice [Ref. 28d, Eq. (6.13)] 


uvrong _ y® 5 gut (2) 
ap 


implies 1 - uvFOPE Ges oe G, so Eqs. (3.1) cannot be inverted. (In Ref. 15 
-1 fs A 

it is implicitly assumed that S exists.) This is why the "recovery' in Ref. 

28d of the wave function form of the CRC within an otherwise correct formalism 


BE) : Apa , 
is incorrect. The reason’? that this recovery attempt is incorrect is that 


neo) 


the ue for a formalism designed for the projections, Pa > of the full wave 
function is being forced to yield approximate wave equations for the components, 
|U> of the wave function in the model space H This strategy is contradic- 
tory and does cause difficulties in Ref. 282 but is really irrelevant to the 
primary thrust of Ref. 28d. 

More promising choices for UB (A) can be obtained in a less ad hoc manner. 
The traditional way is to attempt the consistent solution of the Schrodinger 


28a 


(wave) equation in He , but this is plagued by the nonorthogonality (N-0O) and 


possibly, overcompleteness (0-C) difficulties that have sparked much of the re- 


cent controversy. Dealing with this is an important aspect of the C-G 


= 2 
ee fo a The device of the Moore-Penrose (M.P.) generalized inverse e has 


28p,q_ 


theo 

also proven to be effective in the two-cluster CRC case 
O-C occurs when there are components such that y 6A) Pal oa? = 0, so that the 

Pa are not independent. It is in such cases that the M.P. inverse, ie of the 


bounded operator yee Pal ene os is Go) Pe) = P_, where Pe is the projector 


onto H, is introduced s deal with the N-O contributions. 

A major question is whether O-C appears for physically realistic situations. 
The arguments of Cotanch and ee strongly suggest that it does not; the 
counterexample posed in Ref. 28p violates translational invariance. When A = 
Pauli-class ae it has been Shown 20 that no O-C occurs. 

Birse and rediens 24 clarify several CRC-related issues by providing a 
unique definition |v, = Pe wt p> of the components and a reciprocal mapp- 


ing to the projections | p> = Palvir>. 


Most of their work is based on the ex- 
pectation that 0-C is or "almost is'' a problem. Their effective interaction is 
found to be 


Ba a -1 
Une aneA V P, M Pe (Gigs) 


where V" = ae Cie e) Pp, and H is the P_-space effective Hamiltonian. Although 
(3.3) is non-h.a., it is free of A-class elastic unitarity cuts and because H is 
hermitian is expected to generate the correct model space unitarity relations; a 
direct proof using (3.1) and (3.3) would be more convincing. pivees a has ex- 


tended the result of Ref. 12d from 8 to an arbitrary set A by finding an expres- 
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sion for ee defined by (3.1) with AGS for eae 

There has been much interest in the eonteriicente: the (low-order) CRC (RGM) 
with approximations to connected - kernel (C-K) equations or to other approaches. 
Some numerical pesee indicate that CRC (RGM) calculations for a three-body 
system are superior to undistorted C-K calculations on the same Le function 
space, but seem only to imply that a specific technique designed for a particu- 
lar formalism (CRC) does not work equally well with other formalisms. Overall 
the CRC (RGM) is regarded useful enough to investigate its possible improvement 
and/or justification by embedding it within a full scattering theory. 

This embedding has been pecomeiiened= in what is certainly a super-CRC 
formalism, viz. the C-G methods this approach is compared with other methods 
in Ref. 28p. An pene to salvage some of Ref. 15b results in a general 
CRC formalism that bears some similarity to the C-G method. 

The approach of Ref. 28d with a h.a. EI free of the model-space unitarity 
cuts is complete in the sense of providing a set of C-K equations for the El. 
[The reduction procedure of Ref. 28g reproduces some results of Ref. 28d and 
proposes clustered sets of successive effective interaction equations. Cf. 

Ref. 28c.] Although it is clear what approximation to ogee yields the low-order 
CRC, it is not at all evident how to recover this from the C-K formalism. The 
study of systematic approximations to the C-K equations for ee has only 

‘Aoi ae note that although approximate solutions will be free of A-space uni- 
tarity cuts, the h.a. property may not be preserved. 

Birse and Redien- show how the lowest-order approximation (H ~ H) to their 
version of the CRC is a distorted version of the so-called precursor BRS equa- 
tions in the wave function form advocated by nee The low-order CRC is re- 
covered in the pole approximation (basically the famous BSA) via a suitable 
choice of distorting potentials, thus rendering irrelevant much, but not all, of 
the speculation about CRC vs. C-K. The physical circumstances under which this 
constitutes a good approximation are not specified, nor is the equivalent ap- 
proximation to the undistorted C-K equations. The freedom of choice of distort- 
ing potential is dynamically ad hoc and so the demonstration of Ref. 28p is not 
a true embedding proof; nevertheless, these results may lead to C-K equation- 
based improvements to the CRC and at the very least indicate the inequivalence 
of the naive BSA to the CRC. Recent numerical work seems to suggest that the 
undistorted BSA is a poor representation of the physics 
4. FURTHER C-K APPLICATIONS TO REACTION THEORY 

The formulation of the CRC (RGM) seems simplest in terms of wave function 
equations, and insight has been achieved using wave function formalisms obtain- 


16,28p, 32 


BZ i poe Ee he ; 
ed from C-K theories Levin has exploited the equations involving 
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the components? 


PES eo ees (4.1) 
Q ba o 
& aS a 32 " fi * 
where G = G+6 v' ct ana VS = VS, that are referred to as true" in that if 
b = 8 (two-cluster), then only iy > contributes asymptotically to the 4 ~ 8 


transition. This nonunique attribute, is probably better designated well—label- 


nA 


ie se 
ed and requires that the kermel Ke = @ V’ become connected after a finite 


34 roma Gis) 


number of iterations. The C-K equations for |¥ > are somewhat cumbersome 
~ e-1 fe Os t 2-1 A 
because of the t-operation and because rz! ae G SEU (G16) the zeltarzon— 
ship to physical transition amplitudes is a bit contorted. This leads to ae 
+ 
complications encountered in Ref. 32. The seemingly more natural Cesp55 2 = 
= A =) & 
VGSG A) choice of components (G G aA ac is” independent of b (not well- 
Pe 
ces 


labeled or "true") and equal to Given the operator representation 


Ca ee the antisymmetrization of formalism is aang when V is label transform 
ing. 

Few-cluster models for reactions derive their physical validity in circum— 
stances where a few (a) clusters of particles are so tightly bound (clusters 
~ 0 = dominant : partition) that the possibility of their breakup can be ignored 
in the explicit dynamics but may be represented implicitly via the intercluster 
EI's. Ref. 36a (PR) is an ambitious attempt at a physically consistent theory 
of few-cluster models; Ref. 36b is a BLKT-type version of PR, while some of the 
relevant mathematical equations are discussed in Refs. 29,36c. A version of the 
PR formalism with an explicit MS structure is obtained in Ref. 36d for arbitrary 
25 as well as m5 = 3 specializations. The PR (and BRS) approach for 25 = 3 is 
also explored in Ref. 36e. This may be viewed as the formal recovery of ad hoc 
three-cluster models. We do not review the considerable work on the latter. 

A different (based on two-particle-—connected eqattigas 4 approach to few-— 


: : 28¢,0,35,37 
cluster models is adopted by Vanzani et al °’ ” °” . 


The limitations arising 
from indexing by chains of partitions (COP) have been removed and the leading 
few-cluster model equations directly involve the relevant physical transition 
amplitudes. 

5. N-PARTICLE SCATTERING THEORY 


Chains of Partitions: The scattering equations proposed by Yakubovsky, et 
3,4 = 


1 


are labeled by COP and involve a complex organization of operators leading 
to intimidating derivations partly due to the fact that the combinatorics of COP 
have not been worked into as convenient forms as that for partitions. A signif- 
icant step towards understanding the COP structure is taken in Ref. 38 and is 

studied further in Refs. 37,39. An important technical advance involves the de- 
compositions of the partition—labeled operators V_, H_, G_, etc, into chain-ele- 


38 aa 
mentary-components which have been placed into convenient forms in Ref. 39 and 
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then exploited to develop chain-elementary C-K resolvent equations representing 
the scattering in its most finely-decomposed form and from which all of the 
various scattering equations can be deesee The infamous Veliparsiey meCwur— 
rence relations are circumvented and the inductive development advocated by 
Bandas is justified. Ponceau: has found partial decoupling of the AGS 
equations so the only transition operators appearing are labeled by those two- 
cluster partitions corresponding to a definite split (n,N-n) of the N particles 
into clusters of fixed numbers of particles. This is achieved via EI's that 
contain the suppressed channels. In the case of identical particles, a reduc- 
tion to a single integral equation is obtained. Some combinatoric results re- 
levant to COP equations for identical particles, have been obtained by 
Ce 


Partition-Labeled Theories: The structure underlying scattering theory can 


be expressed in terms of graph and lattice theories. The former codifies our 
intuitive motions of connectivity while the latter is exploited to study the 
properties of sets of partitions. The classification of partition-labeled N- 
particle operators by their connectivity leads to nontrivial combinatorial pro- 
blems that are investigated in Ref. 44 using the partition lattice; these re- 
sults have been applied in quantum field theory and relativistic quantum me- 
chanics 

A number of SoBe depend crucially upon the remarkable properties, Refs. 
36c,44,46d, of the maeea A, b A. az Dect aPb ands =O aes a=)! b)irandetts 
various submatrices, square 42 wet ice: These results are used in Ref. 46c 
to invert the BRS equations to obtain the Rosenberg equations and to derive the 
Watson-type multiple scattering equations with a connected-kernel (but N-body 
constituent operators) obtained first in Ref. 46b. New inversion properties of 
the restrictions of A are proven in Ref. 46d and these are exploited to obtain 
new C-K equations for the antisymmetrized transition operators that possess 
relatively little or no coupling. In Refs. 46a,b (The derivation of the BRS 


"new''.) great emphasis is placed upon the attainment of 


equations there is not 
N(N-1)/2 rather Shee - 1) C-K equations for the two-cluster amplitudes 
that are dynamically equivalent to the BRS equations; the "inframinimal" claims 
here do not contradict the minimal coupling uate and the realistic case of 
identical particles causes problems unanticipated in Refs. 46a,b. [The infer- 
ae that the minimal set of two-cluster partitions is also maximal is false.] 
The essential simplicity of Rosenberg's equations and their multiparticle ex- 
pstone. can be appreciated via graphical seomicnes: Aue 

C-G Theory: A number of important developments and applications of the G-c 
Oe Hae, 


theory have taken place since 1980 Elementary derivations of the C-G 


474c K.L. Kowalski / Few Particle Scattering Theory 


(=) p 


equations (and variants) for the projected transition operators T, = Py sae P 


-1 A = , 
have ppeared: . g that depend on the existence of X = (y Ps ) 1. where A is 


some set of partitions (In the C-G theory A = all and X = JOEsee Bibay IeseE yi ZN 


: -lyA -1 
ell eneseluaigeas,, CS Ii) lie TelnbiS she) Tells exIGe, “ieliteioy Seles Gh = x Cure CG. 
and nee =v + ve G@iv = ba G i, we obtain the C-G equations 

a 
a b .-l 
= + be : (Beal) 
ae an : es eS bales } Ca icaiea 


50 . rato. : 
C-G type equations have been found that do not contain X ; a C-K version o 


the C-G equations has been eee that appears, however, to possess some com— 
plications with identity. The real spirit, and the possibly tremendous power, 
of the C-G approach is to circumvent the C-K problem via the construction of an 
appropriate sequence of approximate transition operators that do satisfy C-K 
integral Seaton: - At this stage C-G seem to be in the unique position of 
having formulated a comprehensive scattering theory replete with a well-defined 
and consistent set of approximations and a solid backdrop of rigorous mathema— 
tical theorems. 

Pathologies: Bugbears persist in few-particle scattering theory. Spurious 
solutions are a potential, but possibly not serious problem for reduced C-K 
equations with kernels of high connectivity; factorizations indicating possible 
spuriosities are obtained in Refs. 52. Some of the spuriosities pointed out by 
Chandler are characteristic of Federbush model rather than the reduced C-K 
equations 

Benceze and Grates have shown that the much-abused Lippmann identity 
(L.1I.) holds in the weak topology, disproving earlier Blais: the, Goi. as 
studied in Ref. 46b, and in Ref. 56 the L.I. is taken as a weak limit and used 
to derive the LS equations. 

A few years ago the very foundation of standard C-K theory was threatened by 
the seeming existence of scattering solutions of the homogeneous C-K integral 
equations for some special Mote =. These arguments were shown to imply a 
contradiction with a known thearenn and, more incisively, to involve the vio- 
lation of the necessary requirement 

lim K(e)|W(e)> = K(e + 0)|%  , (5.2) 

E>+0 
where K(€) is the relevant (singular at € + 0) kermel and |¥> = lim |¥(e)>, 
leading to K(e + 0)|¥> # |¥> and no paradox. [It is claimed in Ref. 46b that 
the results of Ref. 57a result from an improper use of the L.I.] K.s.pe* 
claim to demonstrate that (5.2) is not necessary for the type of problems (e.g., 
two particles in an external field and, in general, noninteracting subsystems 
of N particles) they consider. They also claim Sioa: a observation actually 


supports their argument. K.S.P. propose scattering integral equations that 
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presumably do not have the difficulties that bother them. Evidently we will 
hear more about this as time goes on. We should also hear more about the pro- 
blems, also involving singular limits, that are claimed by Covoenane to exist 
in manipulations of more conventional operator groupings. 

N 2 4: Ref. 58 contains a review of the 4-nucleon scattering problem and 
describes calculations carried out using Hilbert-Schmidt (H.S.) techniques. 
Noyes : has proposed an N = 4 version of his N = 3 zero-range scattering theory. 

Much recent N = 3 work concerns separable representations of the off-shall 
input into the N = 4 eeeat one For the N = 3 system itself, calculations 
using a new iterative fechntade and the HS method” have appeared. [Eyre et 
m7 have used a cluster-expansion formalism to carry out model calculations 
employing an elastic channel EI. The tests of the single-scattering approxima- 
tion to the Watson and KMT OP's for m-d scattering in Refs. 64 converged poorly 
enough to call the MS series for the T-A OP into question; it would be inter- 
esting to compare this with the results for a factored so eke ar nereere eon 
Se eGniqucs are used with some success in an N = 3 model in Ref. 66 for treat- 
ing continuum effects in contrast to the failure of the finite-basis expansions 
for the N = 3 BKLT eae den In more formal work, routes finds Faddeev-type 
equations with BKLT effective interactions; the spectral properties of non-self- 
adjoint Hamiltonians in quasi-Faddeev equations are investigated in Ref. 69; the 
AGS equations with a three-body potential is reconsidered in Ref. 70 looking at 
jhe effect of a V3 bound state. 

A distinctive three-body approximation formalism for local potentials in 
coordinate space has been formulated in Ref. 71 employing the method of the 
partially separable, N = 2 t-matrix of Ref. 72a that also has been applied to 
potentials with aieorpeion -— (See also Ref. 73). Separable approximations to 
N = 2 t-matrices are studied in Ref. 74a which is a critical study of a pre- 
viously proposed Pee nee while Ref. 74c consists of the detailed elabora-— 
tion of a mechan * that seems to possess remarkable convergence properties, 
exact bound-state/on —half-off-shell characteristics, and the possibility of 
generalization to multiparticle amplitudes. New iterative techniques for N= 2 
are proposed in Refs. 75. 

Other Results: The N-body permutation symmetries are confronted with the 
single transition operator V + V G V in Ref. 76a; this leads to a variational 
calculational Heeceey Multiparticle variational principles have also been 
proposed in Ref. 77. The semi-classical expansion of N-body Green's functions 
is developed in Ref. 78a and applied ee to obtain N = 3 spectral sum rules; 

78c 


such sum rules were previously found ~ Rets. 79) contain recent results ‘on 


time delay. In Ref. 80, H is approximated by a sequence of self-adjoint bound- 
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ed operators leading to a general scattering theory of approximations. A nec-— 
essary condition to obtain resolvents such as that in (2.4) from scattering 

equations is proposed in Ref. 81. Am interesting proof of the unitarity of the 
[1,N] Pade approximant has been given by pateuer oe New results for scattering 
on a line are obtained in Ref. 83. Rigorous characteristics of low-energy 

scattering are studied by Bolle emake The BKLT equations which play a sig- 
nificant role in the review of "calculable" methods in many-body scattering in 


Ref. 48, have been applied to reactive scattering in Ref. 85. 
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In accepting to discuss 'Trends in theoretical few-body physics' we did not 
feel called to prophesy developments in the future. We rather interpreted our 
task aS giving an opinion on some questions related to nuclear few-body systems: 


1. To what extent do we understand standard phenomena which have been the theme 
of nuclear few-body conferences during the past twentyfive years? 

2. Can one observe or foresee a change in attitude towards these phenomena? 

If so, will new tools be needed for their description? 


w 


One difficulty is the personal bias which will go into our answers. Indeed, 
we were prepared to hear in discussions judgements and emphases, that differed 
from ours. 

However, we did not foresee a second difficulty which presented itself in 
the course of the conference, and which originated in its format. Virtually all 
points originally selected by us in relation to the three questions rose frequently 
and were dealt with at length by invited speakers as well as in various discussion 
sessions. Naturally, we felt uneasy as our time approached: We relied on the 
expertise of the members of an ad hoc panel (I.R. Afnan, C.E.Delar, and Yu.A. 
Simonov), and their capacity to further elucidate and giving perspective 


while avoiding repetitions. 


< 1960 


When trying to establish a trend, some historical perspective seems 
indispensible. We thus mention that before 1960 'Few-body Nuclear Physics' 
meant A > 4. Schrédinger equations for nuclei can not be solved exactly, and 
as a consequence nuclear physics became a discipline of model making par 
excellence. The nucleus Sue is the lightest system to which a model, in case 
the shell model, was applied. 

Some of us may recall from nuclear physics meetings in the sixties the 
presence of a discernable group of specialists, dealing with the A=2, the 
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nucleon-nucleon, system. Their interest had little to do with nuclear physics 
proper and their progress had hardly any impact on the formulation of nuclear 


models. 
The above-mentioned interest has not waned, and an echo we heard in the talk 
by Bugg! He reported that pp elastic scattering for ‘a < 800 MeV is 


essentially understood. That is, for I = 1 we have at our disposal a set of 
phase shifts and mixing parameters (or alternatively of helicity parameters ) 
smoothly varying with Th: These satisfactorily account for all observables and 
do not require additional data. The latter would only provide checks, and 
barring surprises, do not contain additional information. Notice that 
‘satisfactory status' does not require that these phase parameters result from 
a (known) effective potential Vn which incidentally itself is never free of 
adjustable parameters. 

We agree of course with Bugg that we are close to a satisfactory representa- 
tion of data in terms of phase parameters. However, later on we shall express 
dissatisfaction when placing the nucleon-nucleon system in a wider 'few-body' 
context, which is actually very desirable. 


Another topic of continued interest is the deuteron and some of its ground- 
State properties. Accuracy of data like the asymptotic D/S ratio and the 
quadrupole moment cause renewed interest, which is also due to its link with 
the role of pions in the A=2 system@?? 


Back to the early days of nuclear physics, one should in all fairness 
acknowledge the existence of the A=3 system. It served mained as a testing 
ground for variational calculations of the binding energy. In addition, one 
cannot take leave of the past, without emphasizing the ground-state isovector 
magnetic moment of the A=3 system, whichis about 8% larger than can be predicted with 
purely nucleonic degrees of freedom’. More than three decades ago it was known 
that mesic degrees of freedom occasionally influence static (or near-static) 
nuclear properties. One could not speak of a trend then, but indications for 
what may have been in stock were inescapable>. 


> 1960 


With the advent of Fadde'ev theory it became feasible to give a nonrelativ- 
istic description of three-body systems°, in particular when pairs of particles 
interact through short-range forces. 

With satisfaction one may look back on the realization of a program to 
calculate through the Nd system. This task has in essence been completed, in 
spite of a few unsettled problems, like a practical way to exactly include the 
Coulomb interaction in a momentum-space description of the ppn system! 8. 
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In addition we still live with the persistent underbinding of 3y with pair- 
forces alone, andwhich has given rise to intensive studies of purely nucleonic three- 
body forces Vas and A admixtures” - again an insufficiency of nucleonic degrees 
of freedom. However, it may be in place to emphasize that a large body of elas- 
tic Nd data is well accounted for by the action of pair forces alone. This 
agreement constrains the strength of a possible three-body force. 


No property illustrates the three questions above more than the interpreta- 
tion of the various electro-magnetic form factors of deuteron, 34 and Fie, and 
fhe, Using the impulse approximation and the Fadde'ev solutions for nonrela- 
tivistic bound-state wave functions produces, for instance for the triton, 
discrepancies !? On Ge (33534 Understanding was subsequently sought in 
contributions due to relativity, two-body or many-body meson-exchange forces, 
A-admixture effects, etc. Whatever the cause, nonrelativistic potential models 


are bound to fail when nuclei are probed at increasing momentum transfers. 


We shall come back to these foreseen and observed failures after completing 
a list of outgrows and pay-offs of Fadde'eyv theory. First in line are quasi 
three-body systems like on‘He. In Plattner's lucid review! one finds summa- 
rized the state of art, achievements, and intrinsic shortcomings of such pos- 
tulated extensions. A similar model has been explored in a Simultaneous descrip- 
tion of X(d,d')X's X(d,p)Y; X(d,n)Z; X(d,pn)X reactions‘. One certainly gained 
insight and could substantiate in these models the workings of a standard 


distorted-wave Born formalism. 


Next in line are the generalizations to A > 4. It is indeed possible to carry 
out reliable calculations of the 4 He binding energy’, but contrary to the 
situation for A=3, reactions amongst four nucleons can only be performed in an 
approximate sense which still requires improvements to become satisfactory!” 

Having understood the mathematical complexities which Fadde'ev overcame for 


on attempted to formulate a theory for reactions amongst 


A=3, many authors 
clusters with A=A,+A,=A1 +A, > 4. In fact, much room has been reserved for these 
topics in previous meetings. With no numerical progress reported at the present, 
these reaction theories may eventually find themselves outside the mainstream. 
We refer to Kowalski's appraisal /° of the present status of N-particle theory 
and its connections with more traditional reaction theories. 

In this connection we should mention cluster models, which also have a 
venerable history, and which are altogether alive. Hofmann ?/ and Schmid! 
presented reviews with a survey of the prevailing status, of the sharpening of 


tools and - last but not least - numerical results. 
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= SAS) 


Reactions amongst few nucleons involving pions came into focus after WS. 
In the center stands the NNv system, with emphasis originally on its role in 
the descriptionsor (i,1) 5 (T.cN),5«.. veaClions. 

Due to the relative simplicity of the system, and the unique, multiple ways 
its channels can be reached experimentally, the NN7w system has been, and still 
is intensively studied. A large number of contributions to this conference on 
nd>md; NN# rd; NN+NN; md,NN+NNa contain detailed information, in principle 
stored in newer data for p or d analyzing powers, cross sections for reactions 
with polarized proton beams and/or targets, polarization transfers and the like. 
Also here the aim is a representation of data by amplitudes which couple various 
channels. 

Of course, this notion is at the heart of theoretical descriptions, which 
produce a coupled-channel description reminiscent of, but far more complex than 
Fadde'ev theory. The status of theory and a comparison with (some of the) data 


18 and Arvieux2”. It is likely that interest in the 


have been given by Afnan 
reactions above will persist for some time to come, not in the least due to the 
availability of d targets. These data are in need and may help to, for instance, 
DA ae as helicity amplitude(s) cause(s) the underestimate of so(8) for 
NN < nd 


tion data, in particular in togs on which experimental consensus is badly 
Di we 


. There is still abundant interest in the various elastic md polariza- 


needed 


> and at several other occasions dur- 


Finally, in the review talk of Locher® 
ing this meeting dibaryons were discussed, which may decay to virtually any 
channel of the NNa system. 

Proponents and contestants agree on the energy behavior of all partial-wave 
amplitudes f oe mnen describe the transition a+8 through NA intermediate 
states: For A energies Ss, Ym, , the amplitudes for all a,8 and several J will 
show pseudo-resonance behavior with masses and widths dependent on the (average) 
N spectator energy, the NA orbital momentum barrier and possibly on a,8 . 

If dibaryons exist, one ideally likes to identify them from (indirectly) 
extracted amplitudes, making minimal assumptions, like the presence of a smooth 
background. 

In the case at hand one knows that pseudo and genuine resonances produce 
similar s behavior in f Hei It thus seems very hard to interpret data without 
a theory, i.e., to isolate a resonance amplitude from f without knowing that 
part of it has a nonsmooth, resonance behavior. At least on two accounts it is 
dangerous to interpret the difference between data and some theoretical (or even 


with some assumed) background as an indirect signal of dibaryons. (1) There is 
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spread in predictions by various authors, which entails a corresponding spread 
in extracted resonance parameters; (2) Minor theoretical uncertainties (role 
of small mN waves, changes in parametrization of input) may disproportionally 
influence selected spin observables, leading in turn to a similarly large 
discrepancy. 

It is likely that data taking and interpretations including dibaryons will 
continue for a while: Prospects to settle the issue do not look bright. 
Interest may just pass away, if no further striking evidence or consequences 
will be forwarded. 

A word on ongoing wd(NN)+NNv experiments may be in place here?’ Whatever 
the information implied, it is unlikely that these will ever form a sufficient 
data base to really decide on the dibaryon issue. 


We thus seem to have satisfactory and fairly complete descriptions of low- 
energy nuclear few-body systems. One may safely expect continued activity in 
the study of these systems at higher energies where pions play a role. Our 
picture of even the simplest of those systems is as yet not in a satisfactory 
State. 

The experiments which have been drawn into our sphere of interest and should 
be continued next, deal with the lightest nuclei, but few-body physics is not 
a regime with a fixed baryon-number and a fixed description. For higher ener- 
gies, ever smaller distances are probed, descriptions in terms of pointlike 
hadrons will break down and the QCD description will become indispensible. 


Realistic QCD calculations are still not feasible. It thus seems natural to 
invoke approximations, which hopefully keep some essential features in a 
manageable framework. Nonrelativistic quark models and bag models are examples 
of those approximate short cuts. 

Let us start with models of isolated hadrons. The survey by Thomas should 
impress an audience, how far a particular version, namely the cloudy bag 
mode1*°, goes. It accounts of a number of static and nonstatic properties of 
baryons, like masses, vector and axial-vector form factors and the like. 
Furthermore, by postulating that chiral-invariance is partially restored by 
a pseudo-scalar field, which is then associated with pointlike pions (or the 
full pseudoscalar octet in the SU3 x SU3 case). These communicate with hadrons, 
and this enables a description of meson baryon scattering within the scope of 
that model. A more complete list of successful applications can be found in the 
Paper of Thomas<>. During this conference other models were discussed, of 
which we mention the compound bag model by Simonov-° 

The applicability of bag models to few-body systems requires foremost a 


description of the two-nucleon system. For bag center separations 
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Ps 2Rhag there are no difficulties. However, the very notion of overlapping 
bags can in principle only be spelled out, if the approximations to QCD leading to 
the single-hadron 'bag Lagrangian' are understood and can be made explicit. 
This then conceivably permits a generalization to are qe. ... systems. Such a 
derivation has as yet not been given and consequently one can only guess 
whether partially overlapping bags resemble coalescing soap bubbles or have 
alternative shapes. Whatever choice will be deemed most realistic it enables a 
calculation of Ven (Ph as a Van der Waals or Lennard-Jones potential<’. For the 
shortest ranges it replaces potentials constructed from (multiple) boson 
exchange, while for increasing r equivalence with the latter will probably 
result@®, As a check serves the an system, for which one should find 
vette jy ve hazy + veh cgky + VOR (Ka). 

The same reasoning, calculation and consistency tests apply to nonrela- 
tivistic quark models with confining forces. Thuse in principle, a confining 
potential for q°, ae ... Ought to be derived. However, for these quark models 
one intuitively guesses thesufficiency of a cluster mode1 °° with as total con- 
fining force the sum of pair confining forces. When this picture is adopted a 
solvable model results *+, 


All these considerations are of no relevance when few-body systems are 
probed at very high energies. High-momentum-transfer form factors are ‘ulti- 
mately' governed by scaling laws, essentially counting the number of spectator 
quarks °< 

For decreasing momentum transfers there is a domain where dynamical effects 
will modify counting rules. For still lower oe results may be expected which 
are equivalent to those obtained from the impulse approximation with nonrela- 
tivistic target wave functions, supplemented by meson-exchange corrections, 
Cire. : 

There are somewhat diverging opinions on where the two pictures are expected 
OMT Oat Brodsky®" maintains that the characteristic length of QCD forces one 
to use the full QCD machinery down to small a. which nuclear physicists still 
thought to be their realm. Gross* and others believe that on the basis of 
Bethe-Salpeter-like equations, the notion of wave functions can be given 
meaning and can be used to ‘medium ae ranges’. 

For some time to come we may well be stuck for medium range q? values with 
an ultimately undesirable hybrid. It may just be convenient to continue usage 
of, say a deuteron ‘wave function', giving (non-interfering) probability ampli- 
tudes to find for given Ge a ne Or aq configuration. It is clearly desirable 
to devise a model where this makes sense, and experiments which allow the 
measurement of these probabilities. 
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We certainly convey the impression of all participants when observing that the 
wide scope of present experiments on few-body nuclei, causes a new orientation. 
When the substructure of hadrons has to be taken into account, the same will be 
the case for the language of description. If the latter is unadulterated QCD 
specialists will have to be called in. One may then expect that participants 
in few-body meetings will no more have a common language. 

If, however, manageable approximations to QCD will suffice, and these will 
allow treatment of A>2 systems, one can look forward to an exciting new trend, 
both in the selection of experiments and in their interpretation. 
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FEW BODY PROBLEMS IN ATOMIC AND MOLECULAR PHYSICS 
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Department of Physics and Atmospheric Science, Drexel University, 
Philadelphia, Pennsylvania 19104, U.S.A.* 


In this article, I present a short summary and review of recent develop- 
ments in the application of traditional few-body methods to atomic and 
molecular physics, proffering selective examples which demonstrate the new 
insights being obtained in the description of processes occurring in these 
areas of few-body physics. 


1. INTRODUCTION 

When the invitation from the organizers of this conference came to hand, it 
was immediately clear to that the task of reviewing all recent exciting work 
in atomic and molecular physics with few-body associations would be an immense 
undertaking. It had been shared by 5 reviewers at Oregon’ and was beyond me 
working alone. Thus I decided, in order not to shortchange anyone, that I 
would stick firmly by the title of the talk and even narrow further its scope 
by excluding from consideration work which did not in some way involve theoret- 
ical methods familiar to few-nucleon physicists and linked with the substance 
of our international conferences. 

Before I begin, let me set the stage for the rest of this review by sket- 
ching the rough outlines of its presentaion. This contribution is broken up 
into 3 main sections; according to my prescription they are titled "atomic 
physics" (including under this umbrella term all systems wherein the electron 
is recognized as a separate entity and the dominant interaction is Coulombic), 
"molecular physics" (wherein the existence of the electron is denied and atoms 
are taken to be elementary objects and the interaction is atom-atom), and 
"chemical physics" (wherein the electron exists but its motion is inextricably 
linked to that of the heavier nuclei and the interaction is complicated). 
Within each section are 2 subsections corresponding to bound-state (or spec- 


troscopy) calculations, and collision (or continuum) calculations. 
2. ATOMIC PHYSICS 
2.1 Bound States 


*Work supported under grants PHY78-19375 and PHY83-06584 from the NSF and by 
the Alexander von Humboldt-Stiftung. 
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In the glory days when the Faddeev Equations had just been introduced their 
application in atomic physics was carried out on H by Ball, Chen and Weng 
The method was promptly derailed. The "problem of 3 charged particles" had 
reared its ugly head and bitten the few-body community. Ball, et al. could not 
achieve true convergence for the eigenvalue of the ground state. Others have 
tried with different separable expansions for the Coulombic interaction to des- 
cribe various 2-electron atoms but with little success. In recent years, only 
Colegrave and King have persisted in using the Faddeev approach but, in a 
recent communication, they have reluctantly acknowledged that even with expan- 
sions which include 1s,2s,3s,2p and 3p states H still presents problems al- 
though the heavier systems such as He, can and Bee" appear to yield the sought- 
after Convergence. There the matter rests and there is where I shall leave it 
since the question of the correct Faddeev-type approach to 3 charged particles 
remains unresolvea®. 

The alternative connected-kernel approach of Baer, Kouri, Levin and Toboc-— 
man (the BKLT method or the Channel Coupling Array, CCA, method as it is usually 
labelled when applied to atomic structure calculations) has also had its share 


9 : : 
of problems . When applied to the ungerade-triplet excited H, state, CCA yiel- 


2 
ded unphysical behavior in the potential-energy curve of H-H. At small H-H 
separations, the potential became infinitely attractive indicating a "catas-— 
trophic" collapse of the system. In addition, when the expansion basis through 
which CCA equations were solved was increased there was non-monotonic behavior 
in the energy. The situation was equally bleak for a However, because of 
reluctance to give up on what had started off as a promising tool, Levin and 
his collaborators eventually showed that non-monotonicity is not inherent in 
cca??, In addition, physically acceptable results for the potential-energy 
functions can be obtained when an appropriate nodal condition is imposed on 
each CCA wave function. Then, just when the future seemed rosy once more for 
CCA, it has again been dealt a setback. An attempt to describe the a ground 
state received mixed results. In the CCA calculations with 9 channels retained 
the energy curves showed strong fluctuations and in some cases unphysical be- 
havior resurfaced. It appears that the jury is still out on the CCA and much 
remains to be done to clarify its general use in atomic physics. 

With regard to another stalwart in the stable of few-body methods, Haftel 
and Mandelzweig have recently developed exact solutions of 1-dimensional cou- 
pled differential equations and applied their technique to the equations ari- 
sing from the hyperspherical harmonics, H.H, formulation of the bound state of 


12 4 
the 3-body Coulomb system”. Their results for the energy of the ground state 


of the He atom are in excellent agreement with those which Shoucri and Darling 
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obtained through direct numerical integration of the Schroedinger Hquation?? 
This is a happy augury for the H.H approach but this must be tempered, however 
by the poorer results for more loosely-bound systems such as H and the posi- 
tronium ion. It is obvious that the full power of their method cannot be rea- 
lized until correlations, reflecting cusp behavior, are built into the H.H 

wave functions. Two special features should be noted in the Haftel-Mandelzweig 
work. First, their method allows for an iterative procedure to improve results. 
Second, they have evaluated the Faddeev wave functions for the ground states of 
the 3 systems and , in the process, discovered significant e-e correlations 


which are clearly manifested by 


20 
the nodes in these functions (see inf = hae 


m 
4 ITERATIVE Km =16 


e.g. Figure 1). No such nodes ap- 
ape 4 ITERATIVE Km =4 


pear in the Schroedinger wave 
functions. It also bears mention- 


ing here that Sasakawa and Sawada 


have discovered analytical expre- 
ssions for various bound-state 
and scattering parameters in the 


H.H treatment of the 3-body Cou- 


lomb problem when the global mo- 


mentum Ko is restricted to O and Bole 

a Although it would seem that en 

few physical situations can be r fl h 
: 1.0 2.0 3.0 4.0 

represented by such a model, this p (au) 

work should nevertheless find rele- Fig. 1. Faddeev He ground- 


state wave function in the 
e-e channel. From ref. 12 
cal computations. It should also with permission. 


vance as a useful test of numeri- 


encourage attempts to generalize 
the treatment to larger a values especially now that computer programs are 
available which can perform algebraic analysis. 

The e-e correlations which I highlighted in the last paragraph assume even 
more significance in the excited states of He. In fact, Herrick and Kellmann 
have postulated that "intrashell" states of doubly excited He, He**, i.e. 
states in which the 2 electrons have the same principal quantum number, con- 
stitute supermultiplets and that the origin of the supermultiplet pattern 
arises out of a physical situation in which the near constants of the motion 
correspond to a linear triatomic molecule: the angular momentum of a rigid 
linear rotor and the bending motions of an XYX vibrator. This picture of 2 


electrons so strongly correlated that they are localized at roughly the same 


494c T.K. Lim | Atomic and Molecular Physics 


distance from but on opposite sides of the nucleus, undergoing large-amplitude 
bending vibrations together with collective rotations is confirmed by computa-— 


tions of the conditional probability densities for the electrons from high- 


‘ z U5), U6 : 
quality configuration-interaction functions ‘~~, (See Figures. 2 and 3). 


Collective Electrons 0 


rotation localized on a 
Ves (~ pposite sides 00 


a of the nucleus 


large-amplitude 
bending vibrations 


f, (bohr) SS 
50 : | 
Fig. 2. The molecular picture of Fig. 3. The condjtional probability 
electron correlation in doubly- density for the S state of He**. 
excited states of 2-electron atoms. The large dot indicates the position 
From ref. 16 with permission. of electron 1. From ref. 16 with 
permission. 


The molecular picture comes aS a surprise to all of us who have been brought 
up to believe sacrosanct the independent-particle characteristics of the elec-— 
trons in atoms. The appearance of molecule-like collective motion in He** leads 
now to the obvious question about its likelihood in many-electron systems and 
elsewhere. Berry, et al. have found that "intrashell" states for other 2-e 
systems with heavier nuclei revert back to independent-particle behavior so it 
seems that this collectivity is not widespread. However, its mere presence in 
He**, so unexpected, raises the possibility of "bizarre" behavior in other 
areas, e.g. independent-particle motion in highly-excited vibrational states 
of small polyatomic molecules. 

2.2). Continuum States 

It would be safe to say that no area of few-body physics offers as much cha- 
llenge to the theoretician as the successful development of a general 3-body 
theory for Coulombic systems. While other citadels of resistance to solution 
have succumbed, the edifice of the correct 3-charged-particle theory remains 
unscaled. Work goes on, nevertheless, to probe various aspects of charged- 
particle systems and processes, and 4 areas of activity deserve special men- 
tion here. 

The first 1s the work of Burger, Sandhas and Alt on e-H scattering below 
reapers By including a "polarization" term which mimics the third-order 
quasi-Born contribution to the effective potential, they find excellent fits 
to data at 8.7 eV; lower energy data can already be described with the first- 


order quasi-Born approximation. 


T.K. Lim / Atomic and Molecular Physics 495c¢ 


The second pertains to (e,2e) coincidence ieery The flood of data con- 
tinues unabated both for small as well as large momentum transfers. Weigold 
and McCarthy and their collaborators have already shown that experiments at 
large momentum transfer correspond to symmetric geometry of the 2 outgoing 
electrons and can be handled via the distorted-wave impulse approximation, 
pwrat’t®. Although they have extended their analysis of (e,2e) on H to more 
exotic systems such as Ne and even methanol, CH,OH, that does not excite me as 
much as the success of Byron and Joachain in reproducing the much more detail- 
ed data of Ehrhardt, et al. for asymmetric geometry and on fees The eikonal- 
Born series expansion evaluated to the second Born term, which they used, is 
able to follow the data in locating the 2 peaks in the triple differential 
eross section although the absolute magnitudes are not as well duplicated. The 
same approximation, applied to the symmetric (e,2e) data, offers no improve- 
ment to the first Born and signals that the full series expansion is necessary 
here, a distinct nuisance. 

The third area of activity is concerned with the behavior of the cross sec- 
tion for electron impact ionization i.e. the cross section of electron-ion 
breakup induced by collision with a second electron, at threshold. It has been 
generally accepted that this cross section near threshold obeys a simple pow- 
er law. In Wannier's classical phase-space derivation, the value of the expo- 
nent in the case of H is the ridiculous number 1 .aiaeei=” Experimental data are 
hard to come by. Whatever there was seemed to support Wannier-". Now, however, 
Temkin, arguing that the cross section behavior is independent of the specifics 
of the region where all 3 charged particles are close together but rather ma- 
nifest the influence of long-range forces so that the threshold behavior is 
dependent only upon the final product wave function of the 2 e's, has extrac- 
ted an entirely new form for the threshold exuressione Wannier theory str- 
esses a strong correlation in the motion of the escaping e's. Thus their en- 
ergy distribution is equal; this is not so in Temkin theory. Another specific 
prediction in Wannier theory is that the e's escape in opposite directions; no 
such statement is made by Temkin theory. These and other conflicting implica- 
tions of the 2 theories should be amenable to experimental verification. A re- 
cent attempt by Donahue,et al., in the face of formidable difficulties, shows 
that their yield-curve data is unable to discriminate between the 2 protago- 
nist Pheories-:. Worse still, Baum, et al. find that neither law fits their 
ee However, their experimental points are well above threshold. Whichever 
side will prevail eventually must hinge on, yes, you have guessed it:, a corr- 
ect general theory of 3 charged parteeste. The conflict has spilled over into 


positron-H impact ionization as well; for this process, Temkin's law is unch- 
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st An indirect consequ- 


anged but Wannier theory predicts an exponent of a 65 
ence of all this is that Pelikan and Klar kave used Klar's hyperspherical- 
coordinates approach, set up initially to study the threshold law, to calcu- 
late elastic positron-H scattering, and in the process, confirmed Armour's 


21g Thus has a seemingly easy 


proof that there is no positron-H bound state 
problem been finally solved: 

The last area of activity on the continuum problem for 3 charged particles 
which I wish to cover is Bottcher's work on the wave-packet-time-dependent des- 
cription of electron impact iOaveactone Attracted by the burning interest in 
the threshold law, Bottcher adapted the technique first popularized in treat- 
ing chemical dissociation. In his method, an electron is localized in a wave- 
packet some distance from and is set moving towards the target. Using the 
alternating-gradients method to reduce the 3-dimensional problem to a sequence 
of 1-dimensional problems, Bottcher has solved the time-dependent Schroedinger 
Equation to deduce the amplitudes for ionization. Because he has had to use a 
great spread in energy for his wavepacket, the thresold law is difficult to 
extract. Indeed, Bottcher's results indicate that both Wannier and Temkin me- 
chanisms are present near threshold, perhaps a clear case of sitting on the 
fence! And on that note, it is timely for me to move on to places where few- 


body theory has had more unqualified successes. 


3. MOLECULAR PHYSICS 

32s Bound States 

My definition of molecular physics tailors this subsection to consideration 
of the bound states of rare-gas molecular clusters where the interactions are 
mainly pairwise between structureless atoms, are central and, at long range, 
are of the van der Waals mae type. The original impetus for the study of such 
molecules came from the problem of homogeneous nucleation where the develop- 
ment of a molecular theory of condensation is urgently needeq?9?31 | AY £ixst 
step in that direction is to understand the stability of small or microclus- 
ters of the rare gas atoms. The most extensive study in this area has been 
conducted by the Hokkaido group, my other collaborators and nee 

We began with small clusters of fue because the renowned Efimov Effect was 
expected to be manifest in its 3-atom configuration. As a result, we found that 
it 1s possible to transplant successfully both Faddeev and variational methods 
into this new "terrain". And as they say, the rest is history! Our most recent 
work involved the application of Faddeev-Yakubovsky theory to the te tetramer, 


; : 4 
i.e. the collection of 4 He atoms. Using Sofianos' energy-—dependent-pole- 


: 35 
expansion method ~, we generated separable expansions for the (3+1) and (2+2) 
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subamplitudes, found good convergence and a bound ground state at -0.4 K with 

a realistic He-He potential. The success of Sofianos' expansion and recent work 
which has unearthed two other expansion techniques whose utility may surpass 
the one we used, makes us hopeful that we have the necessary tools to describe 
the quantum dynamics of 4-atom clusters”°. 


; Ae ee ae : 
Our foray into fermionic ~He clusters using our trusted variational method, 


the ATMS method, has revealed that, like ie and a the trimer and tetramer of 
3 


3 


He are not bound. The evidence we have collected suggests that the smallest 
He molecule is very probably the octomer and that Fermi statistics will force 
its ground state to have non-zero orbital angular momentum> 

Faddeev-type approaches, although exact in principle, are much less so in 
practice because of the calculational approximations one must rely upon. For 
these integral-equation methods high accuracy, when it matters, is still elu- 
sive. And that is why the Green's Function Monte Carlo, GFMC, method of Kalos 
and his collaborators is one of the more pleasing developments in few-body 
theory during the last few years’’. The method allows exact solution for the 
ground state of the Schroedinger Equation subject only to statistical sampling 
errors which may be made arbitrarily small. The technique is discussed in great 
detail elsewhere in this volume. Suffice it to say here that GFMC involves an 
iterational procedure and Kalos, et al. accelerate it towards a solution with 
an importance function which embodies as much physical knowledge as possible 
about the system to which it is being applied. Many-body forces provide no ex- 
tra difficulty. Unfortunately, a considerable number of iterations are required 
and it is imperative to pick a good importance function. While yielding useful 
benchmarks for the few-body system, it has, in the process, confirmed the accu- 
racy of ATMS. There are difficulties associated with the application of GFMC 
to fermionic systems so much still has to be done here before GFMC has the cor- 
ner on all ground state calculations. 

As for our old friend, the H.H approach, there was an abortive attempt to 
use it on the aa trimer?®. Only recently have 2 groups revived efforts to ap- 
ply H.H to ground states of van der Waals molecules > 4 These are not well en- 
ough along the way for me to report any results. 

As I have discussed previously, graphical illustrations of few-body wave 
functions can play a significant role in greater understanding of these systems. 
The molecular wave functions extracted from Faddeev and GFMC methods cannot ea- 
sily produce conditional probability densities a la Berry, et al.; GFMC e.g. 
cannot even yield good l-particle density functions. However, Bao, et al. have 
recently computed these densities, labelling them as correlated densities to 


better suggest their significance, by using an expansion in harmonic-oscillator 
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states to solve the Schroedinger Geuateor The pairwise potential chosen for 
their study of few-body systems is that appropriate for alpha-cluster models of 
light nuclei. However, its characteristics sufficiently resemble those for van 
der Waals molecules that one can extend their conclusions to the latter. The 
correlated densities reveal startling features about the shapes and modes of 
motion in microclusters. For example, different definite geometric shapes can 
coexist within a state; the second ot state in the 4-body system has an admix- 
ture of square and tetrahedral structures while the Ge ground state of the 5- 
body system moves back and forth between a trigonal bipyramid and a square py- 
ramid. Is there independent-particle behavior present? Bao, et al. are unable 
accurately to peel out the characteristics of higher levels so the answer is we 
do not know yet. The study reveals how each successive atom added ensures the 
emergence of new geometrical structures and may elucidate the physics of small 
droplet formation. 

To illustrate the wider implications of few-body bound-state work and to 
close this section, I mention that March has linked our work on eee trimers to 
his own work and concluded that 3-body correlations expected in liquid ee can 
imply the absence of a Bose-Einstein condensate even though there is super- 
Piuidiey - 

3.2. Continuum States 

I arrive now at molecular collision processes. The prototypical example is 
atom-diatom scattering. In the best believe-it-or-not fashion, the first accu- 
rate computation of 3-dimensional atom-diatom collisions involving a system 
interacting via van der Waals potentials was accomplished just 2 years ago when 
Haftel and I applied Faddeev-AGS theory to 3 "helium-like" atoms with 1 bound 
2-atom eos s The numerical technique used was the Ebenhoh solution for 3 
identical spinless particles. Venturing where no few-body theorist had ever 
gone before, because none had chosen to!, we found a resemblance of our results 
to those of some 1-dimensional models popularly used in chemistry and therefore 
a strong suggestion that the collisional behavior of 3-dimensional systems may 
be qualitatively described by 1-dimensional models after all. We evaluated the 
breakup, i.e. collision-induced dissociation, cross section and by time- 
reversal invariance the cross section for recombination. Then by appropriately 
folding in a Boltzmann factor we recovered the termolecular recombination rate. 
Having chosen parameters with some relevance to chemical systems, we extracted 
results which spanned the experimental rates in H-H-He, H-H-Ar and H-H-H, 
collisions. Furthermore, by analyzing the multiple-scattering series, we ob- 


served that features familiar to physicists, such as "quasifree scattering" 


and "final-state interaction", are resurrected in molecular physics and in 
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point of fact, inverse final-state interaction is the "resonance mechanism" 
suggested by chemists as the way for recombination to occur! 

To extend these studies to processes in real van der Waals systems such as 
the heavier rare gases, one is immediately faced with the problem of many 2- 
atom bound states because of the more attractive forces involved. A realistic 
ealculation is out of the question right now but, by using the Ernst-Shakin- 
Thaler separable-expansion technique, Haftel and I have considered 2 reason- 
able models, one with spin-dependent Morse potentials to mimic the situation 
in systems of H atoms while the second has spin-independent Hulthen potentials. 
In both, 2 or 3 bound vibrational states exist in the 2-atom systems. Our model 
-s now have more structure than those normally devised to study few-nucleon 
processes and we begin to observe phenomena not previously encountered. In par- 
ticular, we show conclusively for both models that the higher the initial state 
in the diatom the higher the dissociation probability, i.e. that there exists 
vibrational enhancement, when the incident energy is lows (See Figure 4). 
Increasing the incident energy does 
not reverse this property, i.e. there 
is no vibrational inhibition at high- 
er energy. This reversal, however, had 
been found to occur in a number of re- 
liable collinear ealculations ~ with 
like potentials. Thus, we have deter- 
mined that vibrational inhibition is 
an artifact of collinearity and the 
clash of theory with experiment is now 
removed. As for 4-atom processes, Mae- 


da and I have used used Faddeev-Yaku- 


FADDEEV 


——— SINGLE bovsky theory to extract the atom-tri- 
SCATTERING 4 

atom scattering length for He. We 

attribute the large value of -116 A to 


the presence of a resonance-like state 


10° 10! 102 ~ 10 in the tetramer”. We are pressing on 
Fem (K) with this work in the belief that few- 
Fig. 4. The total breakup body methods can help bridge the gap 
cross section for 2 vibra- between physics and chemistry. Nothing 
tional states in the Hulth- demonstrates how reasonable that be- 
en atom-diatom model. lief is better than the work to be 


discussed in the next section. 
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4. CHEMICAL PHYSICS 

4.1 Bound States 

I shall highlight here only one work, the Manz, et al. study of a 1-dimen- 
sional system of cos These authors developed a picture of an H atom oscill- 
ating rapidly between 2 slow partners of I atoms to describe the 4 loosely- 
bound states near the breakup threshold when they solved directly the Schroe- 
dinger Equation transformed by the use of hyperspherical coordinates. Their re- 
sults show that these states are located in the saddle-point region of a mini- 
mum-free potential, the first such occurences ever predicted: 

4.2 Continuum States 

Three groups have signalled new advances in the few-body treatment of colli- 
sion processes in chemical Syocenee a # Manz and Romelt and their collabora- 
tors have used hyperspherical coordinates and their method of S-matrix propa- 
tion to attack collinear collisions involving vibrationally inelastic, reactive 
and dissociative processes? | Their results were extremely accurate and I await 
with interest attempts to verify the technique's utility in 3 dimensions. The 
first successful solution of BKLT equations for reactive scattering for a rea- 
listic potential and 3-finite-mass atoms has also been reported; converged re- 
sults were obtained for the collinear H+H, exchange Pas pepe Prospects for 
the application of BKLT elsewhere have improved considerably since Shima and 
Baer discovered the appropriate basis sets for the solution of the algebraic 
equations which arise in BKLT. Finally, on the third front, Micha and Kuruoglu 


have developed new "multichannel" Faddeev Equations applicable to chemical sy- 


renee Earlier uses of the Faddeev formalism here had been limited by the 
need to assume dominance by pairwise forces in the systems studied. Micha and 
Kuruoglu circumvented this problem by including spin so that a non-diagonal 
electronic representation could be engaged to reduce the general interaction 
matrix to the sum of diatomic ones. The first application of these new equa- 
tions to 3-dimensional H+H, scattering reveal the presence of resonances in 


2 
agreement with previous results. 


5. CONCLUSIONS 

It has always been felt that, beyond their precincts, few-body methods 
would play an important role in nuclear physics because they could serve as a 
theoretical laboratory to examine approximation schemes and calculational tech- 
niques whose final destination would be many-body nuclear reactions. The irony, 
as we have seen in this review, is that they are perhaps more likely to find 
application and success in molecular physics and, perish the Thouciate s,s ain 


chemistry. 
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ELECTROMAGNETIC AND WEAK INTERACTIONS IN FEW-NUCLEON SYSTEMS 


B. F. GIBSON 


Theoretical Division, Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 


Selected problems in electroweak interactions are reviewed. Processes 
where exact numerical calculations might provide insight are emphasized. 


1. INTRODUCTION 

One fundamdental question facing physicists today is that of how we unify 
the basic forces of nature: gravitational, electromagnetic, strong nuclear, 
and weak nuclear. Although progress toward an answer has been made, the can- 
didate 'Grand Unified Theories" are so far just that, candidate theories. 
Along the path, nuclear physics has contributed significantly to our overall 
knowledge of the strong force and is in a position to contribute to our know- 
ledge of the weak force. Another fundamental question concerns our under- 
standing of the structure of nuclei. These multibaryon systems comprise most 
of the mass and energy of the visible universe. Element synthesis is crucially 
based upon nuclear structure. The energy of our solar system is produced by 
nuclei. Interactions of nuclei involve all the forces of nature. Thus, to 
comprehend our universe, we must understand the structure of nuclear systems. 
But there exist various levels of understanding. Just as one would not attempt 
to study liquid argon to learn about QED, one does not expect to extract sig- 
nificant knowledge about QCD from studying the binding of the neutron and 
proton to form deuterium. Likewise, one does not attempt to calculate the 
structure of complex crystals starting from first principles; solid state is an 
important and viable field of physics independent of quantum electrodynamics. 

Particle physics seeks an understanding of elementary particle interactions 
at very high energies (ultra short distances). In contrast, nuclear physics 
strives to describe the nucleus at energies and interparticle distances cor- 
responding to conditions which one might picture as two bags barely overlap- 
ping. Here, in a region that the particle physicist finds difficult to describe 
quantitatively with asymptotically free theories, the nuclear physicist finds 
simplification and order in terms of nucleons and meson exchange. However, it 
is the possibility of speculating about the transition from the remarkably 
successful picture of the nucleus as a composite system of interacting nucleons 
to one of a quark soup that intrigues many physicists. But one must first 


define the limits of validity for the description of nuclear phenomena in terms — 
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of physically observable baryons and mesons before evidence for quark degrees 
of freedom in nuclei can be critically evaluated. Recall two nuclear physics 
successes of the last decade: 1) the perfection of model calculations based 
solely upon nucleon degrees of freedom to the point that comparison of results 
with experimental data revealed the inadequacies of the assumption and demon- 
strated the undeniable need to expand the model to include meson exchange 
currents - a new degree of freedom; 2) the perfection of realistic nucleon- 
nucleon potential model calculations to the extent that a comparison of binding 
energy estimates with well established experimental results revealed discrep- 
ancies that could only be accounted for by the introduction of three-body 
forces. In each case detailed, precision calculations were required in compar- 
json with numerous experimental data before one could establish that these 
small but significant effects were genuine. Thus, nuclear physics seeks the 
appropriate degrees of freedom with which to describe nuclear systems and their 
interactions. The ultimate test of our intellect will be whether we possess 
the capability to calculate all of the nuclear phenomena which we have the 
ability to measure. 

It is this goal of understanding all we can measure which gives few-body 
investigations there special place in physics. Not only can experimentalists 
perform kinematically complete measurements, but theorists can produce exact 
calculations. Why the emphasis on exact calculations? First, one can test 
model theories by direct comparison with data. That is, approximations can be 
controlled, and disagreement between theory and experiment should imply some 
physics (not harmonic oscillator space) is missing. Second, one can find in- 
sight into novel, qualitative features of structure or reactions. For example, 
a folding model, two-body equation description of 34 will not yield the infinite 
binding which exact equations produce for zero range forces. Similarly, a 
DWBA calculation of Sucy,d)n fails to account for the 40% of the cross section 
near the peak energy which comes from coupling to the three-body channel. 
Third, one can generate benchmark solutions with which to test approximate 
procedures before launching involved studies of heavier nuclei. Unfortunately, 
much hard work is required to solve the exact equations for A>3, especially the 
scattering problem, which accounts for a dearth of published continuum results. 
Yet, the intuition and understanding from such endeavors are most rewarding. 

Two particularly useful classes of nuclear reactions are those involving 
electromagnetic and weak probes. Despite the auspicious title provided for my 
talk, there is not time allotted to provide even a catalog of experiments to be 
done. My remarks must necessarily be truncated to a rather subjective view of 


recent developments. (My apologies if your favorite piece of physics has been 
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omitted.) In contrast to some previous speakers, I shall consider the quantum 
hadrodynamic model of Walecka - the nucleon-plus-meson exchange picture of 
few-nucleon systems. I will not address that energy and momentum region where 
quark effects might become visible. I hope thereby to adhere to that area of 
experiment where exact calculations might contribute significantly to our 


understanding of nuclear physics. 


2. ELECTROMAGNETIC INTERACTIONS 

This field of physics covers a wide variety of reactions: photodisinte- 
gration, radiative capture, elastic and inelastic electron scattering, etc. 
Experiments may be kinematically complete or incomplete. The QED interaction 
operator is reasonably well understood. Elastic electron scattering yields our 
best picture of the charge density of the nucleus. It was the discrepancy 
between theory and experiment in the case of thermal np>“Hy that led the push 
for including meson exchange currents in our description of nuclei. + 

Let us begin with an examination of the 2uCy,p)n reaction for 0° outgoing 
protons, a topic which drew considerable attention at the Eugene meeting. At 
low energy, the number of partial waves dominating in the continuum is quite 
limited. Consequently, one does not lose sight of the physics in summing a 
large number of multipole matrix elements. The interaction between a photon 
and a proton charge can be represented (K=c=1) by? 


e Seen Bir 8 
He ae = }(r)-e€ exp(ik-r) 
and the interaction of a photon with a nucleon magnetic moment can be repre- 
sented by 

m = Sul % apg “7? 

He at OM k X €°O exp(ik r) 
where k is the photon momentum and 2 is 7ts polarization; 5 is the nonrela- 
tivistic nucleon current operator, r is the nucleon center-of-mass position, 
and a is the nucleon spin operator. The current interaction can be separated 
into electric and magnetic parts, and when working with exact initial and final 
states of the same Hamiltonian, the "electric" components” of the matrix ele- 


ment 
Mei = <fl fader j(r)-é exp(ik-r)| i> 
can be shown, > through the use of current conservation, to be identical to 


those of the long wave length limit series 
Me. = (Eg-E,) 5 ib <tie-t(k ery YL id. 
fi fia) L 


This é-r form of the El photodisintegration operator’ contains all relevant 
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However, it does not include the relativistic 


meson exchange corrections. 
2 which will be seen to be important in the 0° 


component of the dipole operator, 


cross section. : 
The data of Hughes et ae’ which were confirmed by Gilot et al. appear at 


first sight to disagree with all reasonable two-nucleon potential models (see 
Fig. 1). They have drawn considerable theoretical attention. But consider 
what is happening physically. A 
photon with polarization perpen- 
dicular to the beam (k-e=0) strikes 
a deuteron. Classically the E 
field lies at right angles to the 


incident wave; it cannot produce 


Experimental Data 
Sees esre a= Hamada—Johnston 
——_ Reid Soft Core 
Super Soft Core 


do(0°)/dQ (yub/ster) 


a force on the proton along the 


Argonne V14 


See lc ae 1 direction (0°) of the beam defined 


by k. Quantum mechanically, the 


0 a eS erever eres are ereren arevereres | =| 

Pec Stas o. (MeV) 2S photons bringss ine Lec ne p yore 
FiGls dl. 2u(y,p)n without spin-orbit; and neutron go off back-to-back 
data from Ref. 6 and 7. in the final state, colinear with 


the incident beam, and therefore have L=0. Hence the transition is forbidden, 
unless there is spin involved. In a central force model of the reaction, one 
finds do/dQ ~ sin°6 for the é-r operator; higher electric multipoles merely add 
higher powers of sin?8. The reaction is nonzero only because of i) the deuteron 
D-state, ii) noncentral forces in the np continuum, i117) the relativistic spin 
dependence of the photodisintegration operator, and iv) meson exchange and 
other non-Siegert terms in the interaction Hamiltonian. It is (i) and (71) 
which lead to the nonzero impulse approximation result shown in Fig. 1. It is 
(iii), the relativistic spin-orbit contribution to the El operator which ac- 
counts for most of the discrepancy between the data and that impulse approxi- 
mation result (see Fig. 2), as was first pointed out by Cambi et ali: This 
(v/c)* relativistic correction” due to the induced electric moment of a moving 


4 K_pxo 
magnetic moment (XH ante? 2H) becomes important at 0° because that part of 


the El transition operator which dominates the 90° cross section (and thus the 
total cross section) vanishes. The 20% correction from this unambigous term 

in the operator is the dominant correction; uncertainties in the meson exchange 
current corrections are of the order of +6-7%. Thus, we see how relativistic 
effects can be visible in low energy physics. Before leaving the two-body 
problem, let me note that there is reported to this conference? an interesting 
preliminary result for a measurement of too» the tensor polarization of recoil 
deuterons in aii(e;e)-H. Such information is needed to separate the monopole and 
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quadrupole charge form factors 


Experimental Data 


A torent of the deuteron. In addition, 
a | Spin-Orbit Bohannon and Hellertt have re- 
2 a , ported model problem numerical 
- studies for the extension of 
5 +f the soft-photon theorem for 
) bremsstrahlung discussed at 
= | the Graz meeting. 22 Finally, 
tL a, hela LP eR Holt et al.2° have raised a 
MRO cue bir eit) ey new geustion concerning deu- 
Jef, Pe 2u(y,p)n for SCC model; teron photodisintegration. 


set bane 7- The neutron polarization in 


the reaction “HCY M493 )H was measured at an angle of 90° for 6 < E. < 13 MeV. 
Disagreement with published theoretical calculations was found. A similar 
claim? has been made for measurement of the cross section asymmetry for deu- 
teron photodisintegration with linearly polarized photons of 80 < EY < 600 MeV 
for center-of-mass proton angles of 75°-150°. 

Let us now turn our attention to the study of elastic electron scattering 
from 34 and She. It is this process that yields direct information about the 
square of the trinucleon ground-state wave function in terms of the charge and 
magnetic form factors. Recall that the cross section for this simple process 


can be written 8 


do _ do 242 22 2 2 2 2 2 
& = Byer heh ) + pono [1+2(14+n*)tan“(6/2) eel 7a) 


do xf (22) cos“(0/2) 
Dott © gin (0/2) 14+(2E/M)sin2(6/2)] 


where n = q/(2m), q = kKawk, is the momentum transfer, M is the trinucleon mass, 


and Rack, = cos @. The charge form factor F(a) js defined in impulse ap- 
proximation py2® 


+> 


2 Si aes Ss 
Fohea) = ze wlPeath sh) expCig rly , 


where 
3 : 2 
33 & 1 Iya) pe 1 saya (eee 
Popih tl) 4 = [5(1+t5 fo, tr ri) of 5(1 te) Tate rid 
and &, fos ron are the trinucleon wave function and charge densities of the 


proton and neutron respectively. Relativistic corrections of order (v/c)? in- 
clude the usual Darwin-Foldy and spin-orbit terms.” Meson-exchange-current 
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eke iy : 
corrections are of the same order and are intimately connected. The magnetic 


moment form factor is perhaps more easily described in momentum space 


2 = Ge Apes oe 
Fmag’d ) = wl EJ ly , EG = 0 


where 
imp | ~ Yoonv ~ Sian 
3 P 
lepers >> ae ee ih Wawa Z 
= Sine Y. Se i CESS ir 
dae Ps oy [P jexpCia-r;) + exp(ia?r5)p; 51417) aCe) 
3 : P 2 
ie ileeg eee ees 1 j p 2 ae n 2 
ee = 2 ay 95%9 exPG rp C+t5 Hy fag (4 a lee (Ue Re a |: 


j=l 
This operator is of order (v/c) and relativistic corrections are (v/c)?. The 
jsovector meson-exchange-current correction cannot be neglected, being the same 
order in (v/c) as the impulse current. I wish only to make two points concern- 
ing the trinucleon form factors, which have been of intense interest since 


Collard's original experiment. 22 First, recent measurement” of the : 


2 


He charge 

= 4 fm ¢, when combined with the world's data, indicates 
1 

that cre, He)>? = 1.875 + .011 fm in contrast to that reported by Dunn et al. 


(The magnetic rms radius is about 1.95 fm. 4) Work in progress<< on 34 appears 


form factor below gq 
20 


to yield cr? GH)>? somewhat lower 
than Collard's original value (1.70 
fm). An rms radius as small as 1.65 
fm would not be inconsistent with 

ae: point charge radii differences pro- 
duced in Faddeev calculations (Ari, 
=0.20 fm) 2° because studies of the 


3HHe charge form factor including a 


Fy? (q?) 


10~* 
Coulomb interaction between protons 
indicate that the Coulomb repulsion 


10-8 increases Arch by a small but not 


insignificant 0.03 - 0.04 fm. 24 
Definitive 34 experiments are 
ee ua ees needed. Second, the magnetic form 
0 ry) 20 30 factor data are shown in Fig. 3. 
a; (tm-*) Theoretical results came tantaliz- 


ingly close to the data. However, 


: 2 2 
Pug, is AB . (q-) for She from as has been pointed out by Lehman, 
Ref. 25; cll#¥e is a best ilies arate ; : 
it is disconcerting to see that the 


magnetic moments from these calculations do not agree (see Table Pao 
In contrast to elastic scattering, inelastic electron scattering, especially 
coincidence experiments such as SHe(e,e’p)d and SHe(e,e’p)np, yields information 
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about the overlap of the ground-state wave function and the wave function of a 
nucleon moving freely relative to a deuteron or pair of nucleons in a scattering 
state. These overlaps define the structure of the Sond, SHeopd* etc. vertices, 
which can be described in terms of asymptotic normalization constants, momentum 
distributions, and related quantities. °° To be be specific we consider the 
SHe(e,e’p)d experiment of Jans et al. 22 although there also exist new data by 
Kozlovsky et Anuar The general form of the coincidence cross section is 


do By do 2 
Aerie Ga Cap) allt yal” + 2185 (QI) 
BveeeinD ep 


where do/d0 is the half-off-shell ep scattering cross section, FEE, 9522)) is 
a kinematic factor, and eae is the momentum distribution. It is {...} which 
is usually called the spectroscopic factor. A closely related quantity is the 


fraction of pd component in the trinucleon wave function: 
oo 


Poa = ar Sada {ifyC@dl” + 1f,Ca)t") 


The momentum distribution amplitudes f)(q) and f,(q) are the 2=0,2 components 
of the overlap of the ground state wave function with the continuum state of a 


nucleon of momentum q moving freely relative to a deuteron: 


asnd; 4G, Im, oH 5m 


a 
Zap 


3 
= TE Im, | JM > if aah) 
D 9=0) J=1/2.3/2 <5, 
hp M, x com, a lane Var in Ds 


where spin and isospin quantum numbers have been suppressed. These amplitudes 
are directly related to the asymptotic normalization constants Ch Ofemcnemtteiie 


nucleon ground state wave function?” oy 


il 
[3] (3 4 
vim (es Lar ga (OMe hah 
per 


, 


il 3 il z 
[3] [3] (31 0 
x fan tty) x ayy © x oh? 5 
by 


Wea 


Cp 


1 
{2nip® Lim (q-ip)f,(q) } . 
qr ip 
A question of recent interest is whether one can extrapolate from the measured 


(g=0) distorted wave quantity>* 


= gim {-f,(a)/La°Fy(a) I} 
gq?0 


D, 


5§10c 
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Table I. Breakdown of magnetic moment calculations 


sco! 
impulse =i, HOW) 
pair-graph -0.344 
pion-graph -0.082 
A-graph -0.144 


Paris<” Rsce? 
Sl a =i, 826 
s0a29 =02563 
=—On08 0), UL 
=(0, Osy- -0.024 


*from coupled-channel calculation. 


to the pole position (ip) where oe and Ga are defined. 


a theoretical distorted wave quantity 


Set a eel 
Do = CHC Co) 


is D, = D,? 


although not as well as in the case of the deuteron. 


That is, if one defines 


Simple separable model studies indicate that the answer is yes, 


Separable model results 


for the Sond momentum distribution are plotted in Fig. 4 along with data ex- 


10% T 
baer 
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& le 
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=, 
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ic ee 
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low! 
lL { 
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Fig. 4. Momentum distribution for 


Shiond with data from SHe(e,e“d)p. 


tracted from the 3He(e,ed)p exper- 
iment of Saclay. There is an abso- 
lute uncertainty in the extraction 
of the order of 10-15% due to the 
assumption of pole dominance and 
the ambiguity associated with the 
half-off-shell ep cross section. 
Within this framework, both the 4% 
and 7% deuteron D-state models are 
consistent with experiment for q < 
100 MeV/c, the expected range of 
validity for the pole dominance as- 
sumption. Such is also the case 
for more sophisticated models like 


the Reid soft core. 22?29 


Thus, pole 
dominance is not a valid assumption 
at higher momentum transfer. (Inci- 
dentally, for the 3He(e,e’p)np 


reaction®= where the detected proton 


does not have a high energy relative to the np pair, neglect of 3-body final 


state interactions will likely destroy any agreement between theory and exper- 


iment. ) 


There are systematic disagreements between theory and datan 


permit delving into this subject. 


The inclusive quasielastic cross sections are also most interesting. 


Time does not 


Before leaving the A=3 isodoublet, let me point out some recent interesting 
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results in the realm of photonuclear physics. In a preprint concerning the 
2uCp.y)°He capture reaction, King et al.2! have reported measurement of angular 
distributions from 6.5 to 16 MeV (see Fig. 5). A sensitivity to the D-state 
components of the 3He wave function is noted. One caution in any analysis of 
such data to extract angular distribution coefficients: All higher partial 
wave contributions should be summed in any analysis because the trinucleons, 


like the deuteron, are large 


objects; the multipole series 
O tty 

1.5 ° Belt etal. 
x Skopik et al. 


does not converge rapidly and 
the sum of an infinite number 
of individually negligibly 

1.0 small terms is not vanishingly 
smal]. 72 Skopik et le have 
just published an SHe(e,d)e’p 
0.5 measurement which implies that 
E2 strength near the peak of 

the SHe(y,d)p cross section is 


oo. l reat 
30 120 150 180 small, less than 2% of the to- 


(deg) tal cross section. A preprint 
one 41 
by Torre et al shows reason- 
Fig. 5. Angular distribution for able results for magnetic ex- 
2u(p,y)°He; data from Ref. 37-39. change current contributions 


to the nd>7Hy thermal neutron capture reaction. * 


In the higher energy region, 
the question of time reversal invariance in the SHeyopd reaction has again come 
to the forefront. Sober et es 


sections for 3He(y,d)p in the photon energy range of 150-350 MeV for center-of- 


have remeasured at Bates differential cross 


mass angles of 60° and 90°. The absolute uncertainty for this gas target exper- 
iment in which recoil deuterons are detected is quoted as less than 6%. (Prelim- 
inary results can be found in Briscoe et ale) These results are significantly 
higher than those of Saclay and Bonn and lower than those of Caltech and 
Frascati. © The detail balance converted cross sections agree well with the re- 
cent TRIUMF data’/ as 
though the agreement is poor with older published results. 


and with new data from the UCLA-Saclay collaboration, alias 


ie Theresissnoveva= 

dence for a violation of time reversal invariance. Finally, interesting Coulomb 

effects were found in the SHe(y,2p)n reaction for photon energies between 80 

and 120 MeV, when the two protons are emitted in close proximity. * 
In the A=4 area, the significant difference between the 4He(y,p)°H and 

AHe(y,n)?He cross sections in the 24-32 MeV photon energy range is the most 


interesing phenomena. The cross sections are shown in Fig. 6 (solid lines) as 


See B.F. Gibson | Electromagnetic and Weak Interactions 


they were evaluated by Calarco, Berman, and Denneliy.2— The shaded bands in- 
dicate their estimates of the uncertainties in the individual cross sections. 
The data points are 
from Ref. 51-53; 

4 He(y, p) these references also 


2.0 a i, T lee 


contain the data in- 
cluded in the cross 
section evaluation. 
It is clear that the 


cross sections dif- 


Cross section (mb) 


fer substantially 
below 30 MeV. Be- 
cause the reaction 
mechanism is domi- 
nated by the El 


20 - + (AS=0, AT=1) tran- 
i sition, the inequal- 
*He(y, n) ity of the cross 
1S — section implies the 


existence of strong 
isospin mixing in 
the four-nucleon 


J=1 states. Calarco 


Cross section (mb) 


et al. have inter- 


preted the large de- 


viation of the cross 


i section ratio 


%0 25 30 35 40 45 50 R=a(y,p)/a(y,n) from 
Photon energy (MeV) 


a value of 1 in terms 
Fig. 6 The 4He(y,p)°H and 4He(y,n)°He cross section of a charge asymmetry 


evaluation (solid lines); data in (a) from Ref. 51, in the nuclear force, 
open circles in (b) from Ref. 52, closed circles in because continuum cal- 
(b) from Ref. 53. culations published 


to date predict only small differences in the two cross sections. -° Other in- 
formation concerning this energy region is becoming available. Angular distri- 
butions for the 3H(p,y) “He reaction have been reported by McBroom et aleea In 
addition, Weller et alte have reported a first measurement of polarized neu- 
tron capture on She at E. = 9 MeV, which corresponds to a photon energy of 27.3 
MeV. The polarized and unpolarized angular distribution data lead Weller et 
al. to the conclusion that there is little E2 or spin-flip El contributing to 
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the cross section. 

The photodisintegration of the alpha particle is more complex than that of, 
say, She where one has only two open channels (pd and ppn). 2° Here one has 5 
distinct open channels, and there exist known exicted states of Suene! How- 
ever, at the low energies relevant to the ratio puzzle, the dominant El tran- 
sition is saturated by the 4He(y,n)°He and 4He(y,p)°H reaction channels. °° The 
4He(y,d)d channel contributes only to even multipoles because of the equal mass 
and charge of the final-state deuterons, while the multiparticle channels 
4He(y,d)np and 4He(y,n)npp do not connect to the T=0 oie ground state for any 


She and p°H channels. 


final-state isospin value other than the T=l of the n 
These multiparticle final states are therefore suppressed relative to two-body 
final states of the same isospin, just as one sees experimentally and theoreti- 
cally for the trinucleons. °° Based upon this knowledge that only 2-body chan- 
nels are important, a bound-state shell model calculation was used to il]lus- 
trate the point that, if all three = de scates (T=1,S=0; T=1,S=1; T=0,S=1) 
were properly mixed via Coulomb and/or a small charge asymmetry in the NN 
force, the measured ratio R could be understood. °9 Such a model] would appear 
to be in conflict with the results of Ref. 55. However, recent R-matrix work 
by Dodder and Hale? 
tic scattering, charge exchange, etc.) indicates that Coulomb mixing of the 


on fitting of the strong interaction cross sections (elas- 


type discussed in Ref. 59 does lead to significant mixing in the J '=1 Mevels: 


Such an R-matrix calculation would be expected to yield a ratio of R>>1. 


3. WEAK INTERACTIONS 
The unified theory of the electroweak interactions is one of the great 


61 or Standard Model unifies the weak inter- 


achievements of physics. The WSG 
actions and electromagnetism in a renormalizable framework. Predictions of 
weak-neutral-current effects agree with experiment. Despite the notable suc- 
cesses, rigorous testing of the theory lies ahead. It is for this reason that 
experimentalists must strive for improved yu and neutrino facilities. Nuclear 
targets will play a key role in studies of the structure of the weak inter- 
actions, because nuclear selection rules and the variety of available tran- 
sitions make nuclei excellent filters or analyzers for sorting out components 
of the weak interaction. Recall that nuclear experiments demonstrated V-A was 
Lombpemand not S=P=1- 

In order to be specific, let me restrict my remarks to neutrino physics. 
Tests of y-e universality, induced pseudoscalar coupling, CVC, etc. with muons 
are of no less importance?” as are parity nonconservation studies in PP, pd 


scattering and np>dy. ©2" © Even so, there is not time to provide a complete 
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review of the underlying theory. It is assumed that there exists an effective 
Lagrangian description of the bee Were: and e <>e processes mediated by 
the y, charged W, and the neutral Z bosons. The heavy bosons are so massive 
that those couplings are point-like, and one writes a four-point interaction 
description: leptonic current times hadronic current. The hadronic currents°° 


are of the V-A form 19,4. with the charge-changing currents being the rais- 
V 
+ i : 
ing and lowering parts of the isovector operator ce . Correspondingly, 


V3 


4), , and the con- 


the electromagnetic current has the isospin structure Jind 
served-vector-current theory (CVC) tells us that the vector part of the charge- 
V 


V 
changing current is just Jag t4i9,°. CVC relates this aspect of the weak 


and electromagnetic current; this was the first part of the electroweak unifi- 


cation. The Standard Model is, in essence, an extended CVC with the addition 


@ones 
H 


J -2sin® 
H 


of a neutral weak current of the form J By): We believe that the 


interaction of leptons with the bosons is understood; therefore one is studying 
the hadronic aspects of the electroweak interaction in nuclear investigations. 
Because the momentum transfer is small in conventional processes such as 
B-decay, e -capture, and  -capture, neutrino studies are valued for their 
potential to explore the weak interaction form factors over an extended region 
of momentum transfer q. The Standard Model predicts that the electromagnetic 
and weak interaction processes are related for all q. There are simple (theo- 
retically) tests of this remarkable concept. © Consider (v_.v7), (v.,v2), and 
(e,e°) scattering from a T=0, J=0" nucleus such as 4He ee. the Gisele 
scattering or the inelastic scattering to the 20 MeV T=0, J"=0" first excited 


state). Because we have T=0, ‘Ae = -2sine 


By, Ji the weak neutral current is 
pure vector in WSG and is directly proportional to the e.m. current. Thus, 
there is a direct relation between neutrino scattering and electron scattering. 


In particular one has 


24 
Co. = ole = sin’e eds does 
saad 4 2 2 ee ; 
Vero 2n a 


where ERL refers to the extreme relativistic limit (E.>>m,)- This result holds 
for all q, all 6 independent of the nuclear structure. It is a true test of 
the unification of the electroweak interactions. The neutrino and electron 
cross sections must be identical if the Standard Model is correct. 

I close with cursory mention of weak interaction physics and the deuteron. 
First a reminder:  d>vnn may provide the cleanest measurement of the nn 
scattering length. Second, parity nonconservation in yd>np and in pd elastic 
scattering yield information about T=1 parts of the weak interaction not avail- 
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2u and 9-H scattering and reactions are 


able from T=0 pp experiments. Third, v- 
interesting testing grounds of electroweak coupling to more than one nucleon, 
that is exchange currents. In addition, the elastic scattering is sensitive to 


axial vector isoscalar coupling which is identically zero in the Standard 
6 


ea 


Model. Donnelly i has investigated this in some detail and found that for E, 
150 MeV the sensitivity of the cross section to any such nonstandard term can 
be enhanced by a large factor over vector coupling. Furthermore, the inter- 
ference with the vector coupling is destructive for neutrinos and constructive 


for antineutrinos, providing a clean signal. 
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MOLECULAR SYSTEMS WITH MUONS OR MONOPOLES 


Giovanni FIORENTINI 


Istituto Nazionale di Fisica Nucleare and 
Istituto di Fisica dell'Universita, 56100, Pisa, Italy 


I discuss recent developments in the field of exotic molecules. Particularly I 
will concentrate on muonic molecules, three body systems consisting of two 
Hydrogen nuclei and one negative muon, and systems which contain a magnetic 
monopole in addition to electrons and atomic nuclei. 


1. INTRODUCTION 

I will discuss recent developments in the field of "exotic" molecular 
systems. Particularly I will concentrate on muonic molecules, three body 
systems consisting of two hydrogen nuclei and one negative muon, and what I 
would like to call monopolic molecules, systems which contain a magnetic 
monopole in addition to electrons and atomic nuclei. 

Muonic molecules ((X-p-X'); X,X' = p, d or t) are in essence shrinked 
versions of the Ho molecular ion, with a typical scale of lengths given by the 
muon Bohr radius, a ate m_/m ~ 250 fm, and with binding energies of up to 
few hundreds eV. They are interesting by itself as a pure three body Coulomb 
problem, which can be studied, both theoretically and experimentally, to a 
high degree of precision. Beyond this, the study of muonic molecules is 
particularly important in connection with several fields of physics: the study 
of muon capture, p + p > Yi + n, when the muon is bound in the (p-p-p) 
molecule, is important in order to determine basic parameters of the weak 
interaction theory. Study of the two mirror fusion reactions, 


(1a) fe dees aoitese en 


(1b) il Pp iGl S= fe ar 0) ’ 


when the two deuterons are bound in the (d-y-d) molecule can yield inter- 
esting information on charge symmetry violations in the p-wave d-d interaction 
near threshold. Also, the spectroscopy of muonic molecules is a sensitive tool 
to investigate the tail of the nucleon-nucleon potential. Finally, it has been 
pointed out that the fusion reactions occurring in muonic molecules - the so 
called muon catalyzed fusion - can be of interest for practical applications. 
In this respect it is worth mentioning the encouraging (preliminary) results 


of an experiment in progress at LAMPF. 
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There are several reviews covering the different aspects of the physics of 
muonic molecutes!7 17, but for the developments of the last two years. For this 
reason I will mainly discuss most recent developments. 

Whereas the study of muonic molecules started in the fifties, the subject 
of monopolic molecules is much more recent. The possibility that magnetic 
monopoles bind to atomic and molecular systems has been considered recently in 


the context of the renewed interest for magnetic monopoles. Grand Unification 


1073, eed 


Theories predict the existence of very massive monopoles, My ~ 1017 GeV. 
These should reach Earth with very low velocity, Vyy/C ~ 10 : 
velocity smaller than that of the atomic electrons. Consequently, non-trivial 
interactions of the monopole with matter occur. This chemistry of monopoles 
has to be studied in order to plan for significant searches of monopoles. This 
is a point I would like to stress: any search of slow monopoles, unless it 
relies on a direct measurement of the monopole magnetic field, is strongly 
affected by the way monopoles interact with matter. We will see that monopoles 
can indeed bind to simple atomic systems, the essential mechanism being the 
attraction between the electron magnetic moment and the monopole magnetic 
field. The molecular systems one forms in this way have some similarity with 


muonic molecules. 


2. ENERGY LEVELS AND FORMATION PROCESSES OF MUONIC MOLECULES (THEORY) 

The theoretical spectroscopy of muonic molecules is a field which has been 
mastered by Russian physicists since the beginning. Ya. Zeldovich in the early 
times, later S.S. Gershtein and more recently L.1. Ponomarev and his collabo- 
rators have developed methods of calculation of higher and higher accuracy. 
Particularly, in the last few years the group of Ponomarev was able to des- 
cribe the full spectrum of molecular levels with an accuracy of some meV on 


typical energies of order e/a, ~ 5000 eV 18,19 Some results are summarized 
in table I and II, where (J,v) denote the rotational and vibrational quantum 


numbers. A few points are to be remarked: 


1) In contrast to the case of electronic molecules, there are very few rotati- 
onal and vibrational levels. This is a consequence of the different ratio 
™ epton/™nucleus in the two cases. 

2) The (p-y-p) system has just two levels, with J = 0 and J = 1. These corre- 
spond, as a consequence of the Pauli principle, to "para" and "ortho" sta- 
tes respectively. The different nuclear spin content of the two states has 
important consequences when discussing the problem of muon capture. 

3) The (J,v) = (1,1) levels of the (d-y-d) and (d-y-t) have very small bin- 


ding energies, in the range of eV, comparable to the typical energies of 
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TABLE I 


The mesomolecular spectrum according to (a) the perturbative calculation; 
(b) the truncation method. The energies are in eV. (From Ref. 18). 


(a) Jv (pp) (pd) (pt) (dd) (diy) (tty) 
00 JISBV SS) 221.49 213.85 324.99 319.09 362.89 
Ol ~ - ~ 35.66 34.70 83.68 
10 107,33 98.79 101.30 226.74 232.61 289.19 
11 - _ - 1.96 0.85 45.15 
20 ~ - ~ 85.34 103.16 172.79 
30 ~ - ~ = = 48.90 

(b) Jo (ppx) (pdy ) (pty) (dd) (dt) (tu) 
00 252.95 221.52 213.97 325.04 319.15 362.95 
01 - - - 35.80 34.87 83.88 
10 106.96 97.40 99.01 226.61 232.44 289.15 
11 ~ - - 1.91 0.64 45.24 
20 ~ - = 86.32 102.54 172.65 
30 - ~ - - - 48.70 


electronic systems. This suggests that resonant interactions between muonic 
and electronic molecules can occur (see below). It was very hard to establish 
theoretically the existence of these states, since it needed an accuracy of at 


least .1 eV in the calculations. 
Formation.of muonic molecules occurs through collisions: 
(2) (xX) +X" (Xou-X!) + eneray - 


The formation reactions are classified according to the way the binding 
energy of the muonic molecule is released. Besides the usual Auger process 
(Fig. la), it is also possible to have energy transfer through the excitation 
of the vibrational and rotational levels of ordinary molecules (Fig. 1b). This 
latter process is only possible if the mesomolecule has weekly bound levels, 
with a binding energy §, smaller than the dissociation energy of the Hydrogen 
molecules, a few eV. This is what occurs for the case of (d-y-d) and (d-y-t) 
systems, as we noted above. Due to the quantization of the vibrational and 
rotational energy this process can only occur if a resonance condition among 
Ey» the kinetic energy of the muonic atom, E, sy, and the quantum jumps of the 


electronic molecule, AE, is satisfied (see Fig. 2): 


= Eres 
AE - Ep 


Ekin 
(3b) E 


e's 
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(a) 
Joe E N ef (eV) wa) war (tt) 
; 1 0 0.1667 0.1667 
00 4 5 1 0.0286 0.8333 0.0833 
3 1 0.0191 0 0.7500 
; 1 0 0.1667 0.1667 
o1 43 1  -0.0246 0.8333 0.0833 
A 1 0.0164 0 0.7500 
i 1 0.0169 0.2213 0.0560 
Z ‘ 0.0070 0.0565 0.1384 
foe ( ~(.0180 0.4436 0.1115 
2 0.0084 0.1119 0.2774 
5 1 0.0097 0.1667 0.4167 
1 1 -0.0159 0.2222 0.0555 
: {3 0.0077 0.0555 0.1389 
Fone ‘ 0.0161 0.4444 0.1111 
2 0,0079 0.1112 0.2778 
3 1 0.0082 0.1667 0.4167 
(b) 
Jo F = N — €fN(eV) wrth) — wa'(tt) 
0 1 0.0173 0 0.1111 
on | 1 0.0282 0.0096 0.3301 
2 0 =0.1107 0.9904 0.0032 
2 1 0.0463 0 0.5556 
0 1 0.0239 0 0.1111 
ff 5 ( 0.0312 0.0043 0.3319 
20 01123 0.9957 0.0014 
2 1 0.0439 0 0.5556 
‘ | 1 0.0277 0.0007 0.0368 
2 =0.1039 0.1104 0.0002 
1 0.0162 0.0000 0.1111 
2 0.0249 0.0031 0.1101 
| 3 -0.1035 0.3303 0.0010 
10 4 0.0406 0.0000 0.1111 
1 0.0273 0.0056 0.1833 
2 IP =O,n04 0.5499 0.0019 
3 0.0447 0.0000 0.1852 
3 1 0.0433 0 0.2593 
- ( 0.0445 0.0001 0.0370 
2 0.1424 0.1110 0.0000 
1 0.0407 0.0000 0.1111 
F 0.0439 0.0002 0.1110 
3- 0.1422 0.3331 0.0001 
1 4 0.0501 0.0000 0.1111 
1 0.0443 0.0004 0.1851 
7 2 | =0:1424 0.5552 0.0001 
3 0.0511 0.0000 0.1852 
3 1 0.0508 0 0.2593 


TAREE 
Hyperfine structure of 
the (dduy) mesomolecule 
(a) and of the (dtu) 
mesomolecule (b), from 
Reiresn Los eal Semche 
total spin, the index 
N labels the different 
states with the same 
F, €» is the hyperfine 
energy shift, in eV, w 
is the relative proba- 
bility of forming the 
(J,v,F,N) state of the 
mesomolecule starting 
from a specific spin 
state of the mesoatom. 
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FIGURE 1 
Formation of the mesomolecule: a) through the Auger (non resonant) process 
b) through the resonance process 


It is intuitively clear that the resonant structure can be used as a tool 
in order to perform accurate determinations of the energy levels of muonic 
molecules. Also it is clear that under suitable conditions the resonant 
process can considerably increase the rate of formation of muonic molecules. 
Several recent developments in the field of muonic molecules are grounded on 
this idea. 

The formation of muonic molecules via the two mechanisms has been studied 


20-21 


in detail by Ponomarev and his collaborators . The same group also calcu- 


lated the rate of the ortho-para transition in the (p-p-p) system, which js 


jmportant for the study of muon capture<¢. 


— Do( K=0, v=0) 


FIGURE 2 
Scheme of the resonant formation for (ddy) 
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3. THE (p-yp) MOLECULAR ION: A PROBE FOR THE STRUCTURE OF THE WEAK 


HAMILTONIAN 
The V-A theory predicts a strong dependence of the muon capture rate, 


(4) np +p > Vege eae 


on the spin state of the muon relative to the proton. Measurements in gas deal 
essentially with muons bound around the proton in the singlet, 1s atomic 
state, and thus give information on a,, the capture rate in the singlet 
state. In order to get informations on the capture rate in the triplet, Ay 
jt is necessary to use high density targets, so that the (p-uy-p) molecule can 


be formed. The muon capture rates in the ortho and para state are, respective- 
23 
lS pairs 


(5a) A = 2y 


aa (3/4 Ag + 1/4 Ay) 


ce) 


Aime (El4 Ne Sas Be) 


Anm p 
where y, and Yp are factors connected with the overlap probability of the 


muon and one of the protons (2 v5 =F 1.0099 a O0W2 2¥5 =e SSS 00") 


Clearly, in order to disentangle between the contribution of Ag and Ay 1G 
is necessary to know the molecular state of the muon when the measurement ta- 
kes place. It is well established that the molecule is formed in the ortho 


24 


state“"*. The transition probability to the para state, though expected to be 


smal 120922, can however have significant effects on the interpretation of the 
results. Recently an experiment has been performed@©, with such an accuracy 
that it is possible to recognize in the data even the effect of the ortho-para 
transition. The main results of the experiment, by a Saclay-Bologna-CERN col- 


laboration, are reported in table III. A few comments are in order: 


i) the reported value for the capture rate, A is more accurate than 


previous measurements by a factor of at pee 
ji) For the first time it was possible to get a measurement of the transition 
rate from the ortho to the para state, Nop: This value is fairly consi- 
stent with the theoretical calculation. 
iii) By using the measured value of Non one gets a value of the capture rate 
from the ortho-molecule which jis in agreement with the predictions of 


the standard weak interaction theory. The agreement, however, gets worse 
22 


if one would use the theoretical value of Non 
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TABLE III 
Results of the Bologna-Saclay-CERN collaboration on muon capture in (p-p-p) 


from Refs. 26. The ‘heoretical value of hop is from Ref. 22. We report the 
reaction rates in units of s-+. 

Ncap Nop Nom 
Beevinent 160220 Gana se 
Theory (7.141.2)10° 502 


An independent analysis of the same data by E. Zavattinic’ shows clearly the 
significance of the experimental data in order to test the basic assumptions 
of the standard weak interaction theory. The results of his analysis can be 
summarized as follows: 


j) by assuming muon-electron universality, one derives a value of the induced 
pseudoscalar term*, mf p(a*) =e=po) rele oad. ge i= P57, m2, which is in 
good agreement with the prediction of PCAC (-8.1+1). 


ii) Alternatively, by assuming the PCAC prediction for fo one derives 
F! p) (0) = -1.24 + 0.04, which is in very good agreement with the value 
measured with electrons in the neutron decay: f'€) (9)= = 7500 94009 
This is a test of the muon-electron universality to the level of 3%. 


These conclusions are the main result one can today draw from the muon 
Capture experiments in Hydrogen. Their importance stems from the fact that no 
nuclear physics consideration is involved. It will be interesting the compari- 
son with an experiment on muon capture in deuterium**, by the Saclay-Bologna- 
CERN collaboration, which is presently being analysed. Preliminary results”? 
give a value of the capture rate in the doublet state, hed = 498 + 37 Mage 
which is in disagreement with the theoretical prediction by 2-3 standard 


deviations. 


4. THE (d-y-d) SYSTEM: A PROBE FOR THE STUDY OF NUCLEAR FORCES. 
As a consequence of the existence of the weakly bound states with (J,v) = 
(1,1), it is possible to perform accurate experimental determination of the 


* I am using the (usual) notations of ref. 23 for the various coupling con- 
stants and form factors. 

** When a negative muon is stopped in deuterium, the (dy) atoms which are 
formed initially can bind to another deuteron to form (d-yu-d). However, 
the (d-y-d} ions are quickly destroyed as a consequence of the nuclear 
fusion reaction. In this way the muon is left again free and it forms 
again a (dy) atom. In conclusion, most of the time the muon is bound in an 
atomic state, and not in a molecular one, as it occurs in liquid Hydrogen. 
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binding energy’. One measures the formation rate of the muonic molecule as a 
function of the temperature of the target, i.e. as a function of the kinetic 
energy of the (dy) atom involved in the reaction. By studying this dependence 
jit is possible to deduce the resonance energy F 4. of eqs. 3 and thus to de- 
rive the binding energy. Actually the experimental study of the mesomolecule 
formation occurs through the detection of the nuclear fusion reaction which 
occurs in the mesomolecule. The nuclei bound in the muonic molecule behave as 
if they were in a plasma with a density pp ~ (agme/m >, which is about 107 
times the liquid Hydrogen density, and with a temperature corresponding to 
their vibrational energy, KTy¢ = Ey oo LOO Tey. Under such extreme conditi- 
ons, comparable to those inside a white dwarf, the nuclei fuse rapidly, the 
fusion rate being order of magnitude faster than the muon decay rate and the 
rate of molecular formation. In summary, through the observation of the nu- 
clear fusion reactions one gets informations about the energy levels of the 
muonic molecule. 

In this way a few years ago it was possible to measure the binding energy 
of the (J=1,v=1) level of the (d- p-d) molecule’? : 
(6) a (2.196 + 0.003) eV 


More recently, effects associated with the hyperfine structure of the 
(d-u-d) molecule have been observed by an SIN-Wien collaboration©. Through 
the analysis of their experiment it should be possible to derive the full 
spectrum of the hyperfine sublevels of the (1,1) level with an accuracy of 
about 1 meV. 

Beyond their intrinsic interest, these measurements are of importance in 
order to establish the very long range part of the interaction potential 
between hadrons, i.e. at distances larger than the pion Compton wavelength. I 
would like to discuss this point in some detail. In the last few years several 
authors pointed out that long range interactions between hadrons could arise 
from the exchange of new (hypothetical) light particles or from the exchange 
of two gluons. Muonic molecules are of interest for the study of these anoma- 
lous iitevactiones This occurs since the two hadrons are at distance Jarge 
enough to neglect the contribution of the (not understood) short range part of 
the hadronic interaction and still small enough that the effect of the anoma- 
lous interaction can be detected. For example, measurements of the hyperfine 
structure of the (d-y-d) molecule with an accuracy of the order of 1 meV can 
be sensitive to the exchange of a pseudoscalar particle with mass up to 1 MeV 
if its coupling constant is Ibs PlGahants 


Ponomarev and his collaborators>* pointed out that the measurement of the 
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branching ratio of reactions (1) when the deuterons are bound in the muonic 
molecule can be quite interesting in order to test the charge symmetry of 
nuclear reactions. Indication of violation of this symmetry in the p-wave 
interaction of two deuterons have been obtained in low energy d-d scattering. 
However the extraction of the p-wave contribution to the cross section is 
quite difficult. On the contrary, this contribution can be directly measured 
when the fusion proceeds from the muonic molecule. The point is that: 7) the 
muonic molecule is mainly formed in the (J,v) = (1,1) state as a consequence 
of the dominance of the resonant formation process, ii) electromagnetic 
transitions to lower states are slower than the rate for fusion, iii) since 
the total P-parity equals (-1)¥, the angular momentum L of the relative 
nucleus motion is odd for J=1 and the dominant contribution arises from the p- 
wave. In conclusion, it looks that muonic molecules can be used as a “multipo- 
le-meter" in the study of fusion reactions. 

Also, the experimental study of the SIN-Wien group’”, is of importance for 
the interpretation of experiments on muon capture in deuterium, particularly 
for the knowledge of the spin state of the (yd) atom when capture takes 
place. For the first time it was possible to accurately measure the rate of 
the hyperfine transition in collisions of the (pd) atoms with deuterium and 
to deduce a value for collisions with hydrogen. 

Thus the long missing experimental information on the hyperfine popula- 
tions of (ud) atoms is provided (at least at low temperature), not only for 
pure No, but also for H/D mixtures. 


5. THE (d-y-t) MOLECULE. ENERGY FROM MUON CATALYZED FUSION? 

The resonant formation mechanism (Fig. 1b) can occur also in this system 
and it was theoretically estimated, already in 1977 that in a suitable 
mixture of deuterium and tritium a muon could catalyse about one hundred 
nuclear fusion reactions, during its lifetime. In order to appreciate this 
number, let me remember that in the Alvarez experiment" where muon catalyzed 
fusion was observed for the first time the yield of detected fusions per muon 
was at the level of 1072. 

An experiment performed at Dubna?” obtained a lower limit for the molecu- 
lar formation rate, dtp 2a 108 sol, which supports the idea that a muon can 
catalyze a lot of fusions in suitable conditions. 

Recently an experiment has been performed at Lampr?° , which provides very 
nice, quantitative data on the catalysis in deuterium-tritium. By working at 
high deuterium-tritium density (up to 60% of liquid Hydrogen density), copious 
14-MeV neutron production was observed, demonstrating up to 70 fusions per 
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muon. On this grounds it was possible to derive that, under optimal condi- 
tions, a muon will catalyze about one hundred fusions, at least for a tempera- 
ture of the target < 543 Ox. The main results of the experiment are reported 
in Figs. 3-4 and jn Table IV. 

It is worth observing that the bottle-neck of the chain is the sticking of 
the muon to the ‘He nucleus produced in the fusion. The measured value of the 
(effective) sticking probability, woXP = (7.6 + .5)1079 3°, which is in fair 
agreement with the theoretical prediction>’ wih = (9+1)1073, implies that no 
matter how fast are all the other reactions one cannot hope for more than 150 


fusions per muon. 


TABLE IV 
Parameters critical to muon catalysis in deuterium-tritium mixtures 


Previous 3 LAMPF 
Parameter Théory Experiment Experiment 
Fusion rate los == = 
Rate of atomic ~1o!4<-! %: a 
capture in Hydrogen 
Rate of transfer to Aone! x uns. by Spee 
tritium dat 2x10°s (2.9+0.4)x10 s (2.8+0.1)x10°s 
3x10°57! (non-resonant) 0; a temp. dependent 
Mesomolecule =108s5-1(resonant, max) (no temp. dep. seen) dtu-d and dtu-t parts: 
formation rates: (temp. dependent ) 
8_-1 
a rater -- -- (6.9+0.4)x10°s (534K) 
Vee = = (3.0+0.3)x10°s~1(53aK) 
Probability of 0.0091 -3 
sticking to He ws { 0.0086 ac (7.6*0.5)x10 
Relative He/H : 
capture probability Sine ca ~ 6 (tentative) 
Rate of transfer to 8_-1 2 
ein 5x10°s -- ~Ax1085 ! (tentative) 
Optimal tritium 0.5 
concentrat ion re a ~ 0.5 (broad peak) 
Optimal efficiency 
opt : 
n, ~ 50 se 90+9 fusions/u(534K) 


Notes: 
1) Statistical errors are shown; the systematic error is +12%. 


: ; A opt é per tee 
2) i eee ha? dit? Naty and Me are normalized to liquid 


3) The reported value of ws is based specifically on a study of an equimolar d-t 
mixture at room temperature. An attempt to analyze the target gas was abortive 
so that one cannot rule out the possiblity that impurities in the gas lead to 
an artifically large value of we. 
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FIGURE 3 


Absolute muon catalyzed fusion yield (n,) for an equimolar mixture of deute- 
rium and tritium at 0.6 LHD showing temperature dependence and poisoning 
effect of helium-3 arising from tritium decay, from Ref. 36. 
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FIGURE 4 


Muon catalysis cycle rate (Ac) as a function of deuterium concentration and 
temperature, from Ref. 36. 
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It is worth reporting that it has been estimated that 100-200 fusions per 
muon would be enough in order to build a reactor with a positive energy 
balance’. 

Also independently of this, the LAMPF experiment is quite interesting 
since it opens the way to study the spectroscopy of the (d-y-t) molecule, and 
more generally it gives informations on the kinetics of muons in deuterium- 
tritium mixtures. One can expect to have a quite clear experimental picture 
thanks to the additional informations which will arise from extensions of the 
LAMPF experiment, already scheduled for the fall, and from other experiments 


planned and/or in preparation at SIN, Dubna and Leningrad. 


6. MONOPOLE CHEMISTRY 

Over a half century ago Dirac invented the magnetic monopole on theoreti- 
cal grounds. Recently there has been a renewed interest in the monopole 
problems for three reasons: 7) The grand unification theories predict magne- 
tic monopoles, ii) Convene” reported the observation of a candidate event 
and iii) Rubakov's theoretical analysis’© demonstrated that monopoles should 
catalyze proton decay. 

It is natural and interesting to investigate the interactions of monopoles 
with matter, particularly in order to devise methods for the detection of 
magnetic monopoles. In this respect it is important the possibility that 
monopoles bind to atomic systems.* 

Thirty years ago a preliminary investigation was performed by Malkus!”, 
who suggested that chemical binding might be possible, but a definite conclu- 
sion was not reached. Recently quantitative investigations have been performed 
on the simplest monopole-atom system, namely the one consisting of a monopole, 
one proton and one electron. It has been proved that an infinite number of 
bound states exist for these system’, the binding energy of the most tightly 


bound state being about 1.6 eV ae 


- Qualitatively, these results can be under- 
stood easily. The attraction between the atom and the monopole is due to the 
interaction between the magnetic moment of the electron and the magnetic field 
of the monopole, (qy/R?s Gye = Eifel This results, at large monopole-atom 
distances R, in an interaction: 

Vo» + VW (mR?) 


This interaction will be regularized at distances R < a, as a consequence of 


0 
the finite size of the electron orbit. Thus the motion of the atom occurs in a 


potential falling as R-2 at large distances and regular at the origin. This 


*Bound states of monopoles with nuclei also exist. See refs. 41-44, 
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potential has infinitely many bound states. Simply by dimensional conside- 
rations, the binding energy has to be of the order of 5H? 7(ma2), 1.2. in the 
eV range. 

Clearly, all this can be viewed as an initial investigation of monopole 
chemistry. If monopoles do exist in nature, their rarety will demand novel 
physical and chemical methods of experimental investigation. For these rea- 
sons, it will be necessary to study the interactions of monopoles with systems 
more complicated than atomic Hydrogen. Also, it is necessary to have estimates 
of the transition rates between the different levels of the monopole-atom 
system and to evaluate the cross section for the formation of bound states. In 
conclusion, there is a large field to be explored, with a problematics very 


similar to that one has in the study of muonic atoms and muonic molecules. 


7. CONCLUSIONS 
Let me summarize the main points of this discussion: 
i) Essentially thanks to the efforts of Ponomarev's group one has now a 
detailed understanding of the spectroscopy of muonic molecules. 

ii) The LAMPF experiment has produced interesting (preliminary) results on 
the kinetics of muon reactions in deuterium-tritium mixtures. Some of 
the results, particularly the temperature dependence of the formation 
rates of the (d-y-t) molecule, are not understood theoretically. Addi- 
tional experimental data, particularly at higher temperature, will be 
quite useful. 

iii) The study of muon capture in (p-y-p) system is now at such a level of 
precision that it is possible to get unambiguous tests of the basic 
assumptions of weak interaction theory. It comes out that the weak 
interaction theory is in agreement with the experiment. On the other 
hand, the not complete agreement with the experiment and the calculation 
of the ortho-para transition rate should be clarified. 

iv) The study of the interactions of slow monopole with matter has shown that 
monopoles can form quite exotic molecular states. This opens a new 
field, which is worth investigating in order to plan for decisive sear- 
ches of monopoles and which has many similarities with the field of 


muonic molecules. 
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FEW-BODY PROBLEM IN CELESTIAL MECHANICS 


Stanley F. DERMOTT 


Center for Radiophysics and Space Research, Cornell University, Ithaca, New 
Yorke '4e53-0355, UiSsAc* 


The approaches taken by solar system dynamicists to various outstanding 
problems has changed considerably in recent years. Some problems for which 
few-body approaches have been tried in the past are now thought to involve 
collective phenomena. Observed features in Saturn's rings associated with 
resonances are examples. On the other hand, the problem of the origin of 
the Kirkwood gaps in the asteroid belt, for which a number of a many-body 
approaches (involving collisions or gas friction) have been tried, probably 
has a few-body solution and may involve chaos. 


1. INTRODUCTION 

Celestial mechanics prior to this century was concerned largely with the 
production of planetary ephemerides. A direct product of the analyses of the 
observed orbits was a determination of the planet and the satellite masses. 

One of the more famous indirect products had a part in one of the greatest 
advances in physical science. In the early decades of this century the orbits 
of the planets were so well determined and their motions so well understood 
that it was clear that certain deviations from keplerian motion could not be 
accounted for by perturbations due to the other planets or by any effects as- 
sociated with classical Newtonian gravitational theory. I am, of course, re- 
ferring to the perihelion advance of the planet Mercury which was to be ac- 
counted for by Einstein's general theory of relativity. It was also establish- 
ed early in this century that the orbit of the Moon is gradually expanding due 
to tidal friction in the Earth's oceans and, to a lesser extent, the Earth's 
solid body. 

The classical approach to solar system dynamics may still unlock some se- 
crets. There appear to be small, but still unexplained, changes in the orbits 
of Uranus and Reon ne Since the recent discovery of the satellite of Pluto. 
we now know that the mass of Pluto is far too small to account for these obser- 
vations. It is a natural speculation, therefore, that comparatively massive, 
unseen, bodies exist beyond the orbit of Pluto. As yet, however, there is lit- 
tle else to support this view. Observations of the motions of the Pioneer 


Spacecraft as they leave the solar system could yield some useful information. 


*This research was supported by NASA grant NAGW-392. 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
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Recent discoveries and recent theoretical advances, some of which preceded 
the exploration of the planets by spacecraft, and the results from the Voyager 
missions to the outer planets have pushed solar system dynamics once more to 
the forefront of planetary science. Topics of particular current interest 
which I will discuss in this talk include the origin and the evolution of 
resonances in the solar system, the structure of the Saturnian and Uranian ring 
systems and the origin of the Kirkwood gaps in the asteroid belt. Apart from 
the widespread interest in these special problems, it is now recognized by the 
planetary science community that an understanding of the dynamical evolution of 
the planetary and satellite systems must precede any discussion of their nature 
and origin. This new attitude was undoubtedly born on 8 March 1979 - the day 
on which Voyager 1 discovered the spectacular volcanism on Io, a phenomenon 


which had been predicted, on dynamical grounds, by Peale and his colleagues®. 


2. SOME DEFINITIONS 

In celestial mechanics, the orbit of a satellite is described by the 
elements a, e, I, and W, where a is the semimajor axis, e the eccentricity, I 
the inclination, § the longitude of the ascending node and w the longitude of 
the pericenter. The position in the orbit is given by the mean longitude 


c 
hee ena dere (1) 


where n, the mean motion of the satellite, is equal to 2m/P where P is the 
satellite's orbital period, and € is the longitude at epost. 

The magnitudes and the phases of the perturbations of a satellite's 
near-keplerian orbit are determined by the disturbing potential U of the 
perturbing satellite. For a satellite moving in a total potential V, we may 
define U as U = V-GM/r, where GM/r is the potential of the planet at the radial 
distance r of the satellite. U can be expanded as an infinite summation of 


terms, a Fourier series, with the general form 

U = ) S cos¢ @) 
where the argument has the form 

> = [(ptq)\" - pa - (gu + gta! + £94 £7Q%)] je 


where p, q, g, g', £ and £' are integers and the orbital elements of the 
perturbing satellite are denoted by primed quantities. The requirement of 


rotational invariance gives us the single restriction 


Cpt Cp tum om te Gmoae nau (4) 
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A satellite (or, of course, a planet or an asteroid) is trapped in a 
resonance if some argument ¢, the resonant argument, librates rather than 
circulates. The integer q, the order of the resonance, largely determines the 


strength S of the resonance: as la 


increases in integral steps, |s| decreases 


aneisteps Of Ae, e', sink or sant’. 


Since, in the solar system, eccentricities 
and inclinations are small, only low-order resonances are important and 
first-order (q = 1) resonances are dominant. Examples of known resonances in 


the solar system are given in Table 1. 


RESONANCES IN THE SOLAR SYSTEM 


System 


Planets 


Neptune, = Pluto, 


TABLE 1 


Resonance 
Variable @ 


DNg-3hotwWo 
(4A,-6 Agt2Q9)? 


, 


Resonance Type 


Co-rotational 


Asteroids 

Trojans - Jupiter' A-A! 1:1 Leading/Lagging tadpoles 
Thule - Jupiter' 3-4! +0) Co-rotational 

Hilda - Jupiter' 2A-3A' + Co-rotational 

Griqua - Jupiter' A-2A' +0 Co-rotational 

Alinda - Jupiter' A-3AN +2 Co-rotational 

Jupiter 

Io, - Europa, - Ganymede Niseota a ; Laplace 

Io, - Europa, ae Da oS 3 Wo) Lindblad 

Europa, — Ganymede , Ag-2A3+W9 Lindblad 

Saturn 

Mimas = Tethys, eho Shes Brie3 Inclination 

Enceladus , - Dione, Ko-2AytWo Lindblad/Co-rotational 
Titan, = Hyperion, 3A6-4A7+ 27 Lindblad 

Dione , - Dione B! Ay- A" 1:1 Leading tadpole 
Tethys, - Telesto' X3-X! 1:1 Leading tadpole 
Tethys , - Calypso' X3-A' 1:1 Lagging tadpole 
Janus , = Epimetheus , , A107A11 1:1 Horseshoe 

Ring features - satellites Various Lindblad/Inclination 


3. CO-ROTATIONAL RESONANCE 


Since the dynamics of rings is now an important branch of solar system 


dynamics’, planetary scientists have had to familiarize themselves with the 
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terminology and methods of galactic dynamics. Resonances are now classified as 
either co-rotational or Lindblad. Consider the simple case where the resonant 


argument has the form 


(= (ehren) iS SAD = qu’ (5) 


In the stable configuration $ librates (ie. oscillates) about nm. If gq = 1 
(first-order resonance), then all conjunctions (A=A\') of the satellites take 
place near the apocenter of the perturbing satellite (primed quantities). 

Thus, the existence of the resonance guarantees that the separation of the 
satellites at conjunction is close to a maximum. (If q = 2 (second-order 
resonance), then only every other conjunction takes place near apocenter, and 
so forth). Resonances can involve the motions of nodes or even combinations of 
the motions of nodes and of pericenters, but these cases are too complex to 


discuss here. 


path of perturbing 
satellite 


PLANET 


FIGURE 1 
The dynamics of co-rotation resonance. A satellite trapped in resonance 
librates (or oscillates) about a longitude which is stationary in a reference 
frame co-rotating with the pattern speed of the disturbing potential. In this 
frame, the path of the perturbing satellite is closed and stationary. The 
example shown here is the 3:2 (sn/n') resonance. Points marked on the path of 
the perturbing satellite denote positions at equal time intervals. (Copyright 
University of Arizona Press). 


Differentiating equation (5) with respect to time and rearranging, we obtain 


(6) 


SF. Dermott / Celestial Mechanics 539¢ 


Thus, the mean motions relative to the motion of the pericenter are exactly 
commensurate. It follows that, in a frame rotating with the mean motion n of 
the perturbed satellite, the path of the perturbing satellite is closed (see 
Figure 1). The gravitational influence of the perturbing satellite on the 
orbit of the other satellite can now be modeled by spreading the mass of the 
perturbing satellite along its closed path in such a way that the line density 
at any one point is proportional to the time spent in that part of the path. 
In Figure 1, the positions of the perturbing satellite are marked at equal time 
intervals; thus the spacing of these marks is a measure of the line density. 
The line density distribution represents the disturbing potential, and in this 
type of resonance, which is called a co-rotational resonance, the resonant 
satellite co-rotates with the pattern speed of the disturbing potential. 

The example shown is the 3:2 resonance [ (p+q)/p = 3/2 | for which the line 
density is a maximum at the points marked Q); and Q9- Different values of p and 
q give rise to different distributions of mass, but in all cases, if the 
orbital eccentricity of the perturbing satellite is not zero, then the line 
density distribution is not uniform. It is this longitudinal nonuniformity 
which gives rise to the forces that stabilize the resonance. Consider a 
satellite displaced from the equilibrium point. If the satellite is displaced 
towards the planet, then its mean motion will be greater than the resonant mean 
motion n and, as shown in Figure 1, it will drift in the prograde sense. The 
force on the satellite due to the mass distribution at Q, will then have a 
greater effect than that at Q7, and will act to increase the angular momentum 
of the satellite. But, since mean motion decreases with increasing angular 
momentum, the net effect of the force is to reverse the sense of drift. In 
this way, we see that a displaced satellite can librate about a longitude that 
is fixed in the rotating reference ene 


Rearranging equation (6), we obtain 


P pe (7) 
no pra (ptq) n 


and, since w! /n<< p/(ptq), satellites in resonance have near-commensurate mean 
motions. Roy and Ovenden, in a seminal pavee pointed out that the structure 
of the solar system is determined not by Bode's law, which I regard as 
Peeeredited. but by resonant gravitational interactions. They proved that 
the number of pairs of near-commensurate mean motions in the solar system is 
too great to be ascribed to chance. We can conclude from this either that the 
mechanism of formation of the planets and the satellites was such as to favor 


orbits with commensurate mean motions or that the present, markedly non-random, 


distribution of orbits is the result of orbital evolution since the time of 
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planet and satellite formation. This conclusion alone has motivated much of 


the recent research in solar system dynamics. 


4. LINDBLAD RESONANCE 

In co-rotation resonance, the free eccentricities are large compared with 
the forced eccentricities and the libration of the resonant argument $ is de- 
termined by changes in the mean motion of the perturbed satellite. If the ec- 
centricity of the perturbed satellite is very small, then another type of reso- 
nance, called Lindblad resonance, is possible in which an eccentricity is 
forced on the orbit of the satellite and the motion of is determined by the 


motion of the pericenter of the forced orbit. 


PSUS ERC ER IROO COSA. Outer 
: rae Satellite 


ee Inner Satellite 


FIGURE 2 


Formation of waves in rings by nearby satellites. Arrows on the ring particle 
paths show the direction of motion of the particles with respect to the per- 
turbing satellite. For clarity I assume here that the outer strand of parti- 
cles is perturbed only by the outer satellite; in fact both satellites some- 
times act on the same particles at the same time, and at all times each satel- 
lite acts on all strands. Damping of the excited waves by particle collisions 
results in the formation of a narrow ring. (Copyright University of Arizona 
Press). 


This type of resonance is best explained in terms of waves on narrow rings. 
Consider a narrow ring of particles which is perturbed by a small nearby satel- 
lite (see Figure 2). On encounter with a nearby satellite, a ring particle 
briefly experiences an attractive force in the direction of the satellite. For 
a particle initially moving in a circular orbit, this causes (a) the excitation 


of a small eccentricity e, given by 


e = 2.24 m'Ja 


M |x 


where M is the mass of the planet and x is the separation of the perturbing 
satellite and the ring, and (b) a change in the semimajor axis of the ring 


particle in such a direction that the particle appears to have been repelled by 


Nee 
the satellite. 
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If the excited eccentricity is damped by inter-particle collisions, then the 
change in the mean semimajor axis of the ring particles when averaged over a 
large number of repeated encounters with the perturbing satellite is not zero 
and the satellite exerts a continuous repulsive torque on the ring particles. 
If a ring is bounded by two small satellites, then its width will be reduced 
until the torques due to the satellites are countered by those produced by vis- 
cous forces, or inter-particle collisions, in the ring. This is the Goldreich- 


F i 
Tremaine ’ 


narrow ring model which was developed to account for the recently 
discovered rings of Uranus’. The satellites involved in such a process are now 
commonly referred to as shepherding satellites. We do not know if the narrow 
uranian rings are associated with shepherding satellites, but Voyager observa- 
tions of Saturn's narrow F-ring have shown that this narrow ring appears to be 
bounded by two small satellites. Voyager 2 will have its closest approach to 
Uranus on 24 January 1986: the returned images are eagerly awaited. 

In a frame co-rotating with the perturbing satellite, all particles initial- 
ly moving in circular orbits must follow identical paths after encounter. It 
follows that each satellite generates a standing wave of amplitude A = ea and 
wavelength 2 = 3m. In the inertial frame, each particle moves in an indepen- 
dent keplerian ellipse, but the pericenters of these elliptical orbits and the 
phases of the particles on the orbits are such that the locus of the particles 
is a sinusoidal wave that moves through the ring with the angular velocity of 
the perturbing saretiueese |. 

If the waves survive from one encounter to the next, then there is the pos- 


sibility of resonance. This will occur wherever the local ring circumference 


is an integral number of wavelengths, that is wherever 
2Ta/X = pti (9) 


where p is an integer > 0. Consecutive perturbations will then be in phase and 
a wave with an amplitude significantly > A may result. 
The magnitude of the forced eccentricity, in the absence of damping and as- 


suming that q = 1, is given by, 


e = |m'/M £(p)n (10) 


(p+1)n'-pn 


Thus e increases markedly as the exact resonance is approached. At the exact 

resonance, the phase of the response changes by 180°. Similar behavior is ob- 
served in any driven harmonic oscillator. For particles outside the exact re- 
sonance, conjunction always occurs at apocenter, whereas for particles inside 

the exact resonance, conjunction always occurs at pericenter. Thus, the 


satellite excites a wave pattern of p+1 equally spaced loops which co-rotate 
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with the perturbing satellite (see Figure Bis 


Satellite 


Resonant Radius 


Ring particle paths in frame 
corotating with the satellite 


FIGURE 3 
Dynamics of Lindblad resonance. Ring particle paths are shown in a reference 
frame co-rotating with the perturbing satellite. (Copyright of Nature 


(MacMillan Journals Ltd.)). 


The particle path pattern shown in Figure 3 is one of streamline flow for 
which interparticle collisions are a minimum. If a ring has a sufficiently 
high surface density, then the longitudinal variation of the gravitational po- 
tential associated with the pt+1 loops at a Lindblad resonance can act on the 
orbits of the other ring particles to generate a spiral density wave with pt+1 
arms. ae Outside the region of exact resonance, the particle paths in a frame 
co-rotating with the perturbing satellite are closed and contain the same num- 
ber of waves. However, each closed path is displaced longitudinally with re- 
spect to its neighbor, and it follows from geometrical considerations that a 


spiral density wave must result (see Figure 4). The whole pattern is station- 


ary in the co-rotating reference frame. Thus, the gravitational potential 
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associated with the spiral arms acts on the ring particles with the same 


frequency as the disturbing potential and the pattern is self-enhancing. 


. Density Wave Crest 


Trough 


e 
Satellite 


/ 
Resonance Radius’ 


FIGURE 4 


Schematic diagram of the particle path pattern and the associated trailing 
spiral density wave generated by the p = 4 Lindblad resonance. If the ratio of 
the resonant mean motions is p/(p+1), then pt+1 spiral arms are generated. 
(Copyright University of Arizona Press). 


FIGURE 5 
Dynamics of spiral bending waves. Schematic diagram of the variation of the 
vertical displacement with angle and radius for a two-armed spiral. (Copyright 


Academic Press). 


The vertical analog of Lindblad resonance which is excited when a satellite 


Ms (see 


orbit is inclined to the ring plane has been described by Shu et al 
Figure 5). A most remarkable example of this type of resonance was discovered 
by the Voyager spacecraft in Saturn's A-ring. The radial distance of the 


resonance location is given by 


1/3 -2/3 
) n 


a = (GM ee 
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where n satisfies 


eS 
il 
Oo 


(pq) nis pi tS w = (er (12) 


or 


it 
(=) 


(pt) ns pn oe (q-1) 9! (13) 


The locations of the different types of resonance associated with the same 
near-commensurate ratio of mean motions, n'/n=p/(ptq), are usually well 
separated since w and Q are quite different. This is the case, for example, 
for the 5:3 resonance with Mimas and this resonance gives rise to two types of 
spiral density wave which have actually been observed (see Figure 6). The 


bending wave (Q,Q" case) on the left in Figure 6 is the most prominent since 


the raised corrugations of the ring give rise to a striking pattern of bright 


. 


slopes and dark shadows. The Lindblad wave (w,w' case) on the right is not 


quite so prominent since it lies in the plane of the disk. 


FIGURE 6 


Voyager 2 image showing two prominent wave patterns in the outer A ring of 
Saturn. The feature on the left is a spiral bending wave and that on the right 


is a spiral density wave. Both features are associated with the 5:3 resonance 
with Mimas. The image shown is about 975 km across. 


The study of density waves in Saturn's rings is now a very active subject. 
Much of the terminology that we use has been taken from galactic dynamics, but 
there are a number of important differences between the two subjects. The 


orbital period of a particle in Saturn's rings is = 8 hours, whereas galactic 
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rotation periods are = 108 years. Particles in Saturn's rings may have com- 
pleted ao *? orbits and the discussion of equilibrium configurations is appro- 
priate, whereas in galactic dynamics the configurations develop over a very 
small number of rotations. Secondly, Saturn's rings have an optical depth of 
unity and each particle suffers, on average, one collision for each revolution 
of the planet. In galactic dynamics, stellar collisions can be discounted. 
However, it is already apparent that insights gained from the study of galaxies 
have wide application to ring problems. In time, perhaps, the flow of informa- 
tion may reverse direction, but this has yet to happen. 

Before leaving this topic, I must mention that Lindblad resonances are not 
only important in ring systems but can involve pairs of satellites. In some 
cases, for example, that of Io and Europa, these simple resonances can give 
rise to equally spectacular effects. Io rotates so as to keep one face perman- 
ently turned towards Jupiter and, to a first approximation, the tidal bulge 
raised on Io by Jupiter is ~ 15 km in height and is stationary on Io. However, 
there are small variations in the tide height due to Io's orbital eccentricity 
and these amount to = 100 m. The heating associated with the repeated flexing 
of an imperfectly elastic, solid body can be large. However, the tidal forces 
also act to circularize the orbit and, if the orbital eccentricity is "free", 
then it rapidly decays and the heating event is short-lived and insignificant. 
But the orbital eccentricity of Io is forced to have the value 0.0041 by the 
perturbations associated with the 2:1 Lindblad resonance with Europa. In this 
case, the heat source does not decay and is sufficient to drive the observed 
icamicn>. The deposition rate on Io from both surface flows and volcanic 
plumes is observed to be about 0.1 cm/year and is sufficient to have recir- 
culated a mass equal to the mass of the satellite during the lifetime of the 


solar system. 


5. KIRKWOOD GAPS 


There are several puzzling aspects to the distribution of resonances in the 
solar system. Although there is an excess of near-commensurabilities in the 
solar system as a whole, the exact resonances are largely confined to two 
satellite systems. The jovian and saturnian systems are virtually saturated 
with first-order resonances, whereas the uranian system does not contain a 
single exact resonance of any kind. Amongst the planets, Neptune and Pluto 
provide the only example of an exact resonance and this isolated case is con- 
sistent with a random distribution of planetary mean motions. 


Consideration of the distribution of asteroidal mean motions only serves to 


deepen the mystery. The region between the 2:1 jovian resonance at 3.27 AU 
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and Jupiter contains comparatively few asteroids and these tend to be trapped 
in first-order resonances with Jupiter. These asteroids are the Hilda group at 
the 3:2 resonance, Thule at the 4:3 resonance and the Trojans at the 1:1 reson- 
ance (these asteroids are co-orbital with Jupiter). In sharp contrast, the 
resonant locations within the main asteroid belt (between 2.2 AU and 3.27 AU) 
are almost free of asteroids. These gaps in the distribution of mean motions 
were discovered by Kirkwood in 1867 and are now known to exist at the 3:1, 5:2, 
3, 924, Wiss, 1336 ‘and 87s resonances. 

Cotacetenne suggested that the preference for resonance amongst pairs of 
mean motions in the satellite systems is the result of orbital evolution due to 
tidal dissipation in the planets. According to this hypothesis, the mean mo- 
tions were initially random, but decreased, at different rates, as tidal forces 
fed angular momentum into the satellite orbits. After appreciable orbital evo- 
lution, pairs of mean motions attained commensurability and were captured in 
resonances. Goldreich's achievement was to show that some resonances are 
stable under the action of tidal forces. In terms of Figure 3, this stability 
can be understood as a displacement of the stable longitude in the rotating 
reference frame, analagous to the lag produced by friction in a driven harmonic 
oscillator. The torque exerted by the resonance compensates for the difference 
between the tidal torques on the two satellites, the satellite orbits can then 
evolve in tandem and the exact resonance is maintained. 

Since the tides raised by the planets on the sun have negligible effects on 
their orbits, the tidal hypothesis can certainly account for the lack of reson- 


’ ‘ TAs. 
ances in the planetary system. Yoder's outstanding work 


on the origin and 
the evolution of the Laplace resonance shows that it is now almost certain that 
tidal dissipation in Jupiter has resulted in appreciable evolution of the or- 
bits of Io, Europa and Ganymede. The internal structure of Uranus is quite 
different to those of Jupiter and Saturn (which are similar) and it is possible 
that tidal dissipation in that planet has been insufficient to appreciably 
change the orbits of its satellites. This could account for the lack of reson- 
ances in the uranian satellite system. However, I now consider that the dif- 
ference between the distribution of resonances amongst the satellite systems of 


Jupiter, Saturn and Uranus and amongst the planets may have a more fundamental 


origin. This new insight arises from recent work by News. on the origin of 


the Kirkwood gaps 


Wisdom's york foes i j i i 
s the first major application of the techniques of 


non-linear dynamics to specific solar system problems and is both very exciting 
and timely. The origin of at least one of the Kirkwood gaps, the 3:1gap at 2.5 


AU, appears to have been solved and the chaotic tumbling of the 
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saturnian satellite Hyperion, which has recently been observed by the Voyager 


spacecraft, has already been accounted fore 


OS i= 


oO 
b 
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FIGURE 7 
Kirkwood gaps in the asteroid belt. Distribution of the orbital eccentricities 
and semimajor axes of asteroids near the 3:1 resonance with Jupiter at 2.50 
AU.The dashed lines represent the libration width associated with the leading 
term in the expansion of the disturbing function. If the asteroids lie above 
the Mars crossing line, then they may be removed by close planetary encounters. 
(Copyright of Nature (MacMillan Journals Ltd.)). 


The fundamental question addressed in this work concerns the separation of 
the resonances. The classical approach to solar system problems is to expand 
the disturbing function U in a Fourier-like series (equation (2)). The 
high-frequency terms in this series are then removed by averaging and the 
problem is reduced to a study of the equations of motion when only a single 
term, that associated with the resonant argument 4, is retained in the 
disturbing function. The circumstances under which this approach is not valid 
are now, to some extent, understood and appear to be well-described by the 
resonance overlap eerie er 

If an asteroid is trapped in some resonance of strength S, and the libration 
amplitude of the associated resonant argument is a maximum, then the range 6n 
(or 6a) through which the mean motion (or the semimajor axis) oscillates is 


‘ 23 
also a maximum. We have 
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and we refer to this range as the libration width. For the 3:1 resonance with 
Jupiter at 2.50 AU, Elecs and the libration region in the a-e plane is 
V-shaped - see Figure 7. It is clear from Figure 7 that that region in a-e 
space where resonance is possible is almost devoid of asteroids and that those 
few asteroids that remain in the resonance region tend to have very high eccen- 
tricities, high enough indeed, for their orbits to cross that of Maxs-  ‘Ehis 
diagram alone is strong evidence that the Kirkwood gaps have been produced by 
the direct gravitational action of Jupiter on the present distribution of 
asteroidal orbits. The myriad other hypotheses involving primordial processes 


that operated in the accretion disk, the statistics of libration, or the 


28 
effects of friction can be discounted . 
The strongest resonances that can exist at the 3:1 (= ptq/p) location have 


resonant mean motions n, and ng given by 


(ptq)n' - pny- qu = 0 (15) 


(ptq)n' - pno- qQ = 0 (16) 


Their separation nj)-n9 is given by 


ny- np = 2 (2 = ») (17) 
Pp 


In the asteroid belt, the rates of motion of the pericenters and the nodes, 

w and Q, are determined by the comparatively weak gravitational attractions of 
Jupiter and the other planets and are very low (* 2 +0- rad/year). Hence, 
n)- Ny is less than the half-sum of the libration widths of the two resonances 
and the resonances overlap. Wisdom, using a novel mapping technique that 
accurately describes the character of the motion, has shown that in these 
circumstances quasi-periodic orbits are unlikely and the motion is mostly 
chaoele ls The mappings show that the chaotic orbit diffuses through phase 
space and that, from time to time, on a timescale of » 10° years, the 
eccentricity reaches very high values. The orbit then crosses that of Mars 
and, in some cases, even that of the Earth and the asteroid is eventually 
removed by close planetary encounters. It seems probable, that this mechanism 


has been responsible for the formation of at least the 3:1 Kirkwood gap. It 


could also be responsible for the delivery of meteorites from the asteroid belt 
to the Earth. 
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w and Q are also very small for the planetary orbits and again the libration 
regions of the low-order resonances would overlap. For this reason, we would 
not expect any low-order resonances amongst the planets to have long-term 
Peability=”. This could account for the lack of exact resonances in the 
planetary system. However, for satellites moving about a markedly oblate 
planet w and Q can be high and if the orbital eccentricities and inclinations 
are low and the satellite-planet mass ratios are small, then the exact 
resonances may be well separated. We calculate that this separation clearly 
occurs only in the satellite system of Saturn. It is striking that the 
saturnian system is virtually saturated with exact first-order resonances. For 
the uranian system, which is devoid of exact resonances of any kind, we find 
that the dynamical oblateness Jy is so low and the satellites are so distant 
from the planet that, with the observed orbital eccentricities, the exact 


low-order resonances would overlap. This could account for the lack of exact 


: 4 23 
resonances in the uranian system. 
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FEW BODY EXPERIMENTS WITH POLARIZED BEAMS AND POLARIZED TARGETS 


James E. SIMMONS 


Los Alamos National Laboratory, Los Alamos, NM 87545, U. S. A. 


A survey is presented concerning recent polarization experiments in the 
elastic p-d, p-3He, and p-‘*He systems. Mention is made of selected 
neutron experiments. The nominal energy range is 10 to 1000 MeV. Recent 
results and interpretations of the p-d system near 10 MeV are discussed. 
New experiments on the energy dependence of back angle p-d_ tensor 
polarization are discussed with respect to resolution of discrepancies and 
difficulty of theoretical interpretation. Progress is noted concerning 
multiple scattering interpretation of forward p-d deuteron polarization. 
Some new results are presented concerning the p-3He system and higher 
energy p-*He polarization experiments. 
1. INTRODUCTION 
It is my object here to make a broad survey of few body polarization 
phenomena that have been reported in the past few years. Energies will be in 
the range of about 10 to 1000 MeV. Requirements of time and space will limit my 
subject matter to the elastic channels in nucleon interactions with deuterium, 
helium-3, and helium-4. Excellent reviews cover prior elements of my 


l discussed three- and 


subject: At the Few Body Conference in Eugene, Grtiebler 
four-body systems at lower energies (~ 10 MeV); at the Santa Fe Polarization 
Conference, Igo? discussed polarization experiments at intermediate energies 
(~ 1000 MeV); at Graz, Ohlsen? reviewed polarization effects in the three-body 
system, with emphasis on break-up phenomena. At the Santa Fe conference Kloet4 


compared theory with experiment. 


2. LOW ENERGY NUCLEON-DEUTERON SCATTERING 

I turn first to a very recent experiment concerning the literal subject of my 
talk. Schmelzer et al. have submitted a contribution to this conference on the 
measurement of the spin correlation parameter Cyy in d-p scattering at incident 
deuteron energy Tg = 10 MeV. This is a difficult measurement in which a_ vector 
polarized deuteron beam was scattered froma thin (/70um) LMN-type polarized 
proton target. The experimental results for Cy But Savona Wal Wikies il Wey seals 
data cover the angular range of Oe erat (proton) from 75 to 135°. These values 
represent slight changes from the published values. Three curves are also 
shown; two of these are Faddeev calculations with Coulomb corrections. The 


solid curve was from Stolk and Tjon® using a local N-N interaction; it gives a 
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good qualitative prediction for the data. The dashed curve is from Fayard et 


al! with separable interaction; it is not so good. The dot-dash curve is a 
8 


prediction from the phase shift analysis of Schmelzbach et lige sinh MEH (PAS able ilaleys 
between the other two. It is expected that refinement of such data will help to 
define the nature of the off-shell N-N interaction. Comparison to prior work at 
Grenoble in Birmingham is noted in Ref. 5. 

The Zurich group (ETHZ) has made a significant contribution to understanding 
proton-deuteron scattering for equivalent proton energies in the range 8.5 to 
Dot ) MeN. A detailed account of their analyzing power measurements with 
polarized proton and deuteren beams was published this year by Grtiebler et al.? 
Sawada et al.!9 at Tsukuba have also made a series of accurate analyzing power 
measurements near T, = 20 MeV (published this year). These efforts have 
cleared up certain discrepancies, produced complementary information, and 
brought greater confidence to the experimental situation. 

Comparison of such p-d data to theory is based on the Faddeev equations. !1 To 
the extent that the N-N interactions are known, with correct inclusion of the 
Coulomb force, the Faddeev equations may be integrated to give exact values of 
the p-d wave functions. On the whole, the method provides remarkable 
predictions for N-d scattering below 50 MeV. In the following paragraphs we 
illustrate the comparison between theory and experiment at T, = 10 MeV equiv- 


P 
alent energy. Figure 2 shows the proton analyzing power AD at T, = 10 MeV as 


given by Doleschall et al. l2 For this and the following anal F the Faddeev 
predictions are given by four curves labelled in a common fashion. All curves 
are calculated for n-d scattering using separable potentials. The S-wave 
interactions include a repulsive core. All curves include a two-term singlet 
S-wave (2!soR) and P-waves. The four curves are summarized as follows: Dashed, 
with two term tensor (2T2R); dot-dash, with four term tensor (4T4); continuous, 
same as preceding but with all D- 
waves; dotted, same as preceding 
but with approximate Coulomb 
corrections. In principle, the 
dotted curve should give the best 
representation of the data; the 
continuous curve is next best. In 
Fig. 2 we see a good prediction 
for AD from the full n-d 
calculation (solid curve); 0 50 100 150 


inclusion of Coulomb corrections ; : 
Fig. 1. Spin correlation parameter C 


(dotted curve) is somewhat better for p(d,p)d at Tg = 10 MeV. Data from 
at small angles, but a little less Ref. 5. For curves see text. 
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Fig. 2. Proton analyzing power for 
d(p,p)d at Ty, = 10 MeV. Data from 
Ret. 12, The dotted curve is the full 
Faddeev calculation. 


8cm 
Fig. 3. Tensor analyzing power T57 
for p(d,p)d at Tg = 20 MeV. Data 
from Ref. 10. Dotted curve is the 
full Faddeev calculation. 


good at larger angles. The four-term tensor interaction definitely improves the 
fit for angles less than 90°; this is related to superior representation of the 
aT 2s, - 2D, mixing parameter. 

As another example, Fig. 3 shows Top a deuteron tensor analyzing power at 
Tq = 20 MeV. This parameter is determined by XZ components of beam polar- 


10 where the necessary control of spin 


ization, and the data are from Tsukuba 
quantization direction was available. The Faddeev predictions are from Ref. 12 
with the same definitions as above. There seem to be relatively serious 
discrepancies between the Faddeev predictions and the data, and it is not 
obvious which curve does best. Doleschall et al. note that the way the Coulomb 
corrections are treated could have a significant effect on T,, and some of the 
other parameters. Kloet # has also emphasized the importance of Coulomb effects. 

Further work on the Coulomb questions appeared this year by Zankel and 
Hale, 13 who made calculations for the n-d and p-d A(8), parameter including 
Coulomb distortion effects. Comparison was made to precision n-d data of Tornow 
ee al.l4 and p-d data of Ref. 9. The conclusion was that 5% differences occur 
at the back angle peak of A(8) that are not obtained from simpler correction 
procedures. 

Space does not permit further examples of the low energy p-d analyzing 


powers. Suffice it to say that the 4T4R predictions of Ref. 12 provide good 


predictions for the tensor analyzing powers Th and Too seve My SS AO) KEN 
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comparison was not as good for the 
vector analyzing power iT.) 
Sperisen et a1,!5>16 at ETHZ 
have recently published two papers 
on a series of measurements of po- 
larization transfer observables in 
p-d scattering at T = 10 MeV. In 
the second paper measurements were 
made for the d(p,d)P process; three 
vector-vector and seven vector- 
tensor parameters were obtained. 
The Faddeevy predictions for these 
observables showed little sensi- 
tivity to the form of the tensor 


force or to additional D-waves or 


the Coulomb force. There were oe 30° ak pues 20° 150° 180° 

indications of sensitivity to P- 

Fig. 4. V-T polarization transfer pa- 

rameters in d(p,d)p at T, = 10 MeV. 

observables. Figure 4 shows three Data from Ref. 16. Dashed curves have 
no P-waves; others do, 


waves in the vector to tensor 


of these. The curves showing 
Faddeevy predictions are not the same as for Figs. 2 and 3. The dashed curves 
contain no P-waves; they do not agree with the data. The other two curves 
include P-waves and variants of the tensor force; they have a qualitative resem- 
blance to the data, but deviations are still observed. The P-wave sensitivity 
of these parameters was a very interesting finding and encouraged the expec- 
tation that further analysis of these results would lead to better understanding 
of the N-N interaction in the Faddeev context. 

Much effort has been put into low energy N-d scattering experiments (of which 
I have mentioned but a small part here). Such experiments were done at Lawrence 
Berkeley Laboratory (LBL) as described by Conzett.!? Work at Los Alamos was 
deseribed im) | Ret <3): Shimizu et al.!8 have made p-d analyzing power meas- 
urements at Kyoto at 65 MeV. Further work from that laboratory is being 
reported to this conference by Hatanaka et al.!8 on d-p tensor measurements; 
rather good agreement is reported with theory employing the Graz interactions. 
Brock et al.,2? Romero et al.,29 and Watson et al.,*! at Davis have reported n-d 
analyzing power measurements giving partial reference to recent neutron work. 

At Karlsruhe a significant neutron-deuteron scattering program has been 
underway at the cyclotron accelerator for energies up to 50 MeV. Quite recently 
Schwarz et al.22 published results for precision n-d differential cross sections 


from 2.5 to 30 MeV. New results from this group will be reported to the 
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conference by Brady et al.22 on the n-d analyzing power from 14 to 50 MeV. Such 
data will be important for understanding the basic interaction and the role of 
Coulomb effects. 

The exploitation of the Faddeev method for the explanation of low energy 
elastic scattering has been a major success of the past decade. The general 
qualitative agreement between theory and experiment is most impressive. We hope 
that additional knowledge might be gained about the on-shell N-N interaction in 
this way, owing partly to the enhanced effects that occur in some observables of 
the N-d system. From my viewpoint, it is not obvious that this has happened. 
Nor does it appear that new insights have been gained with respect to the 
off-shell N-N interaction from the elastic system. In this connection, R. 
Brown? has called my attention to the importance of breakup studies to 
off-shell effects and to new experiments of this kind currently underway at 
Indiana. The calculational complexity of the Faddeev method is partly to blame 
for these circumstances. For significant improvement to occur from this state 
it appears that the calculations must be made more accurate with respect to 
current understanding of the N-N interaction. 

I have not found any recent publications on the phase shift analysis of the 
low energy p-d system. Reference 8 (1972) was one of the most complete. This 
undoubtedly derives from the complexity of the problem and the relative success 
of the Faddeev approach. At Tp = 10 MeV alone, almost 400 data on 21 indepen- 
dent observables over a broad range of angles exist. Perhaps this is the time 
to reconsider this question. Would it be possible to calculate higher partial 
waves or some of the inelasticity parameters from the Faddeev method? This might 
make phase-shift analyses more feasible while keeping the theoretical input 
reasonably small. If by this means the mass of data on N-d scattering from 5 to 
50 MeV could be compactly described, this would be a significant accomplishment. 
3. INTERMEDIATE ENERGY p-d POLARIZATION 

Nucleon-deuteron scattering may be considered as dividing into two 
regions: the forward direction where the incoming particle scatters individ- 
ually from the two constituents of the deuteron, and backward angles where the 
incoming particle exchanges with one of the particles picking up the other to 
form an outgoing deuteron. Nucleon exchange was identified thirty years ago by 
Christian and Gamme124 as the significant physical process for low energy N-d 
backward scattering. Its importance continues into the intermediate energy 
range. At energies near 600 MeV, however, another process becomes important and 
enhances backward scattering -- delta(1232) formation in the intermediate state. 
It is the same process that drives the pp * ™d reaction to a peak at that 


25 


energy, as described by Barry and others. 
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Berthet et al.2° have measured backward p-d scattering from 0.6 up to 2.7 
GeV. Their data overlaps the enhancement in the scattering at 600 MeV. Beyond 
600 MeV an experimental decline was observed to 2.2 GeV where a new change of 
slope was seen. They compared existing data on the backward scattering from 200 
to 2000 MeV using nucleon exchange (ONE) and pion exchange (OPE) models. They 
found that neither model was adequate by itself. In unpublished work Laget and 
Lecolley?? have formulated a model that employs a coherent sum of ONE and OPE, 
which apparently does give good predictions for p-d backward scattering at 
interaediate energies, 

Measurements of the back angle tensor analyzing power T, 9 (180) have generated 
much interest in the past few years. Earlier this year Arvieux et a1.28 


such measurements using the polarized deuteron beam at Saturne-2 over 


rt 
“ 

AL 
o 
laud 
b 
(i 


the energy range Ty = 0.3 to 3.0 GeV. Their experimental arrangement had good 
signal te background for detection of protons over the full energy range and 


deuterons ower a part of it. Their results are shown in Fig. 5. There isa 


good deal of information on 02 04 06 08 10 12 To(GeV) 
this figure of which I cana Sid 
os : TS | ji - oa 
discuss but a part. Their | x JGO et al ; = aera 
experimental data are seen in 01 : 2 Ss ee 
\ = Se ae 
the lower part of the figure ‘4 ns 
-4 “ 
2 a j | ms 
as solid dots (proton Z A 
: ‘ -05 1 if | 
detection) or open squares T ay | 


am 
oe 
ee 
—— 


(deuteron detection). 


=e amelie 
___ LAGET-LECOLLEY 

__ BHALERAO-GURVITZ 
_.._ KONDRATYUK eft al 
< VASAN (S+D+D") 


A prominent feature of the 


ago on the basis of ONE. This Fig. 5. Back angle tensor analyzing power T99 
‘ : eee ws Tg for p(d,p)d at i i i 
calculation is indicated by ie cela ., aatereeitsee eres 


s 
Dots and squares Ref. 28; crosses Ref. 31. 


but the position comes too high in energy. Keister and Tjon20 have investigated 
relativistic effects in the ONE model; their pseudovector calculation is 
comparable to that of Vasan; their pseudoscalar calculation is not consistent 
with the data. A second feature of the data is a dip of lesser magnitude near 
= 1.4 GeV, which has not been seen or predicted heretofore. The model of 
- 27 included aucleon and pion exchange in a coherent fashion. This 
prediction is shown as the dashed curve and describes well the dip at Tg = 0.5 


GeV; however, by 1.2 GeV it has climbed far above the data. 


JE. Simmons | Polarized Beams and Polarized Targets 559c 


Significant on Fig. 5 are the data points from Argonne of Igo et al. shown 
as crosses at Tp = 0.4, 0.8, and 1.0 GeV. These points are consistent with zero 
and are in complete disagreement with those of the Saturne group. Something 
went wrong at Argonne, which was probably related to the difficult problem of 
detecting low energy deuterons from back angle scattering. It must be noted 
that these problems pertain only to back angle scattering. Argonne and Saturne 


are in excellent agreement on forward-scattering measurements. We see that this 


very interesting experiment from ae came! OF eae eae T 


P. P 
Saturne has resolved an experimental ae EN Tag 7 800 MeV 


discrepancy and provided new data 
for theoretical comparison. 

In the forward scattering of 0.4 
nucleons from deuterium at inter- 


mediate energies two regions are 


identified. At small angles the 0.6 70.8 
-t (GeV/c) 


scattering occurs singly from the if 


constituent nucleons. At momentum 


transfers near -t = 0.3 (GeV/c)# 


double scattering becomes important, 


and the scattering decreases less 


rapidly. The deuteron D-state must Fig. 6. Tensor analyzing power P y in 
p(d,d)p at Tp (equiv. ) = 800 MeV. Data 


32 = 
be involved to obtain a quan And US a ieee Rat ae 


titative explanation of the process. 
Sas iremeit oe the polarization parameters is essential to the verification of 
the validity of multiple scattering theory. 

Figure 6 shows one example of the many polarization measurements of the UCLA 


33 


group and their collaborators, as reported by Bleszynski et al. Shown is. the 


tensor analyzing power P at Th (equiv.) = 800 MeV, where y is parallel to the 


normal scattering plane. ae experiments were done at the Argonne ZGS machine 
with a polarized deuteron beam incident on a liquid hydrogen target. The data 
show a rise to a substantial peak near -t = 0.25 (GeV/c)2, at the onset of 
double scattering, then a sharp decline and a broad minimum. 

There are two significant theoretical predictions in Fig. 6, which were 
described in Ref. 33, and in greater detail in Alberi et’ al.4 The dashed curve 
represents a Glauber model calculation including the deuteron D-states and 
current N-N amplitudes. It represents well the forward peak but undershoots the 
data at larger values of -t. The solid curve gives results of a complete sys- 
tematic multiple scattering calculation>3»34 of which the most significant new 


elements are corrections to the eikonal approximation. These corrections allow 


additional diffraction effects and phase changes for the nucleon wave as it 
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propagates from the first 
significantly improved representation of 


momentum transfer. 


2 
Mf 


It may be noted that the Saturne group2® has obtained Avy (=Pyy) data at T 


(equiv.) 600 MeV over 
Argonne data at forward angles. 
model that 
both forward and backward angles. 


In closing this section, I would like 


to the second scattering. 


Note that the experiments at Argonne 
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The solid curve gives a 


the of 


33 


the data in region larger 


also yield values for 


and te OE 800 MeV and other energies. 


P 


the whole angular range, with good agreement to the 
At the moment, however, there is no theoretical 


can give a qualitative explanation of a growing mass of N-d data at 


to mention some very recent results 


from the UCLA collaboration in d(p,p)d polarization transfer at 500 and 800 MeV. 


In a contribution to this conference 


Sun et al.?> describe the measurements 


that were done at LAMPF in the polar- 


ized external proton beam. The 


preliminary results for two parameters, 


and Dg, are shown in Fig. i ele 


Dee 


T) = 800 MeV. 


that L means longitudinal and 


The nomenclature is such 
S means 
L 
dashed 


to in the 


The 


perpendicular plane of 


scattering. curves are 


preliminary multiple scattering calcu- 


3S) 


lations of the type mentioned above. 


The interesting point is that these 


curves do not represent the data well. 


New effects may be showing up here. Dr. 


G5 Ol ela) 


with polarized proton beam, polarized deuteron target, and 


polarization measurement. The long 


elastic amplitudes at 800 MeV. 


4. UPDATE ON N- 3He SCATTERING 


In a contribution to this conference by Verheijen 


group have continued low energy p- 3He analyzing power studies 


3He gas target. 


New data at 


was performed on all available data at 


MeV. 


to uniqueness. Reference to prior work 


that Brady et al. 8 


range 


By optical pumping, polarizations of about 16% 


30 and 35 MeV were obtained. 


of the Karlsruhe group have 


0.8 
0.4 


0.0 
=0:2 


=0/6 
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=t (GeV/c) 


Re 


Fig. 7. Polarization transfer in 
di@pp)id vate. 800 MeV. 


data from Ret. Bi 


Preliminary 


Igo informs me that the p-d program 


very date, being pursued at LAMPF at 800 MeV in a HRS experiment 


final state proton 


objective is determination of the 


36 


etwas. the Manitoba 


with a polarized 


were achieved. 


In addition, a phase-shift analysis 


seven energies between 19.5 and 35 


A good representation of the existing data was obtained but with no claim 


is given in Muller et al.2/ I note also 


submitted a contribution to the 
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conference on preliminary results 
on the n- 3He analyzing power at 
eleven energies between 16 and 50 


MeV. 


At higher energy very recent =| TROT MLNS TL RRL I EO OTT PU 
results are becoming available on 0 30 60 90 120 150 180 
p- 3He scattering from Hasell et Oo c.m. 

; Fi ee) ae 3 
alk oY in a collaboration of Fig. 8. Analyzing power in ~“He(p,p)~ He 

. at Th = 200 MeV. Data and M.S. curve 
Manitoba and others at TRIUMF. from Ref. 39 


Differential cross sections and 
analyzing powers were measured with the polarized proton beam at four energies 
between 200 and 515 MeV. Evidence for interference between double and triple 
scattering was seen in the cross sections. An example of the analyzing power 
data at T = 200 MeV is shown in Fig. 8. The curve represents a Glauber-theory 
prediction with up to three scatterings. At this stage in the development of 
the model, agreement is reasonable out to about 40° com. 

In terminating this section, I note the p- 3He back angle differential cross 


1,40 at Saturne-2 for T. between 700 and 


Pp 
1700 MeV. They observed two structures associated with delta and possibly heavy 


section measurements of Berthet eta 
baryon excitation. 150) 


5. SOME RESULTS IN N- +He SCATTERING 

i have not found many recent 
publications in low energy N- 4 He po- 
larization work. Most recent isa 


measurement by York et ale?! at TAMU O. 


on neutron-*He analyzing power at 50 


MeV. The d(d,a) 3He reaction at 0° was 


-0.4 
used as the polarized neutron source. 0 60 120 180 
Their data show a clear minimum in 8 c.m. 
fe) * 4 ,, = 
A(®) at 110° c.m. anda strong maxi- Fig. 9. N- He analyzing power at Ty = 
6 40 MeV. Dots preliminary neutron data 
mum at 135°. In a report to the Ref, 42; open circles proton data Ref. 


? 4 
conference, Doll et al.t2 of the 43- Dashed curve is n-‘*He PSA. 


Karlsruhe group describe their measurements for n- 4He A(®) at eleven energies 
up to 50 MeV. Shown in Fig. 9 is an example of their data at t= 40 MeV. The 
solid points are their work, the open ones are proton data of Plattner et 
al.43 The dashed curve is for n- ‘He phase shift prediction and the other is 
for n- ‘He. At back angles there is excellent agreement between the two data 


sets. Near 90° a very interesting charge-dependent difference develops that 
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will be important in clarifyin 1.0 ae a Te Tapa 
Pp ying ly p + 4He 
the way in which Coulomb correc- 350 MeV 4 
r A ——--— OM 
tions are employed. In this pee a 
connection, I note the recent 
paper of Frdhlich et al.?* who 
Ce 
treat such Coulomb differences © 
re 
explicitly for the N- 4*He system; < 
references are also given to prior cs 
phase-shift analyses. 5 
; Hj a 
At intermediate energy the most 
timely results in p- +He scat- 
tering come from TRIUMF. Most 
recently Moss et al.4 reported 
measurement of the rotation pa- 
alee 40.60.80 100 120 140 160 180 
rameter (R) at 500 MeV. Ina Cape ® 9 
c.m. 
somewhat earlier work the same 4 
46 hel Fig. 10. p- He analyzing power at T, = 
Erovpay Pe pa pened uracunene nt anor 350 MeV. Data from Ref. 46. Open 
the differential cross section and model predictions from Ref. 47. 


analyzing power for p- He scattering 


at 200, 350, and 500 MeV over the full 


angular range. 
In a very recent paper, Sherif 4/ has 
discussed these results (not R) in an 


optical model (OM) with exchange 


4He (Bp, p) *He 
500 MeV 


effects. The ‘He target nucleus may be 


thought to consist of a proton plus R 
triton cluster, and the associated 
heavy particle stripping (HPS) mech- 
anism is calculated by the distorted 
wave Born approximation. Thus the 


total interaction is OM + HPS. The 


chief focus is on the exchange effects, 
0 10 20 30 40 50 60 70 80 90 


manifested through HPS, with the object 6. (degrees) 
cm 


of reproducing the back angle cross is 
Pic. Li, p=) He rotation parameter 
at Tp = 500 MeV. Data and optical 
At 350 MeV, the differential cross predictions from Ref. 45. 


section and analyzing power. 


section data are reproduced rather 
well. The case for the p- 4He analyzing power at T) = 350 MeV is shown in 
Fig. 10; the data are from Ref. 46. The short dashed curve is the optical model 


alone; it does well out to 90° c.m. The long dashed curve represents exchange 
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through heavy particle stripping. The solid curve gives the complete inter- 
action. Unfortunately HPS does not help very much; agreement in the large angle 
region is lacking. 

Data for the p- *He spin rotation parameter from Ref. 45 are shown in Fig. 11 
at T> = 500 MeV. Carbon scattering was employed in the polarimeter. To the 
best of my knowledge this is the first such measurement for p + 4He above ~50 
MeV. The parameter has definite structure with a negative minimum near 40° 
c.m., rising to large positive values to either side. Also shown on the figure 
is a prediction for R from results of a standard optical model fit to the 
differential cross section and analyzing power in the forward hemisphere. The 
prediction is poor. 

In a current preprint Greben and Gourishankar 48 have carefully examined p- 
‘He scattering at 500 MeV in the optical model context. Their considerations of 
the data set led them to a model with a more pronounced attractive tail in the 
real central potential and to reduced spin orbit potentials than some prior 
models. In this manner they achieved excellent fits in the forward hemisphere 
for do/d®2, A and R. They emphasize the value of R data in arriving at good 
optical model parameters. 

A substantial amount of theoretical activity has occurred in the past few 
years concerning intermediate energy p- *He scattering. Brief mention of some 
of this follows. Auger et al.49 investigated intermediate isobaric states in 


50 


the multiple scattering model. Wallace and Alexander studied correlation 


effects with inclusion of isobar states in the context of multiple scattering. 


Alexander and Landau»! described a microscopic optical model for energies near 


52 


200 MeV. Arnold et al. presented a relativistic optical model for energies in 


the range 0.5 to 1.5 GeV. 

Knowledge of the p- 4He system at intermediate energies is in a state of 
development. Experimentally the system is fairly simple, both to measure and 
with respect to the number of observables (3). With the theoretical interest 
now evident we may expect significant increase in our understanding in the next 


few years. 
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NUCLEAR FEW CLUSTER STUDIES 
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Two topics from the wide field of nuclear few cluster studies 
are reviewed in this talk*. They were chosen after a search 
revealed their prevalence in the literature from 1979-1983. 


Recent developments in the experimental and theoretical study 
of the six-nucleon system are discussed first. It is conclu- 
ded that sufficiently comprehensive data sets are available 
to test the various theoretical models, which all show 
distinct deficiencies and must be improved. It is recommended 
that new experiments should only be carried out if the reso- 
lution of a specific, well-defined problem is attempted. 


The larger part of the talk is devoted to a critical review 

of the "molecular" (two-body) aspects of the interaction 
between lighter heavy ions (in particular '*c+!*C). Such few- 
body aspects of HI collisions have never before been discussed 
at a Few Body Conference. An attempt is made to define the 
present status of the "molecular state" concept and to suggest 
directions for further, more conclusive experimental studies, 
based on well-tested methods used in few-body nuclear physics. 


1, THE A = 6 SYSTEM (particularly °Li) 
Interest: very strong correlations between the six nucleons; 


Die OC —Dasclcleys Nps dellrenonsy,, ae. istronc, Cluster nehtects. 


Jol. New developments concerning the A=o ground ‘and! excited 


Siesheetsic 
Experiment 
a) New data on electron scattering form factors 
Now available ie iROWE (G| < Sim: 
os (0) CO) Mis form factors, 
6ra* (3°,0) C2, ®Li*(0',1) M1, ®Li*(2°,1) M1+E2+M3; 


®6Ti continuum form factors near atd, °*H+*He thresholds; 


Im onder to comply with the) editor's page limits while sitill co- 
vering the complete contents of the 45' talk, I have chosen to pre- 
Sentwene materctal wth only aliminimum of rose, in much the same 
way as it appeared on the original transparencies. 


0375-9474/84/$03.00 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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bi Wlewsdate on ed photo capture to “Li gs for 1 MeV<E <8 MeV; 


1/ 


c) New data Oi OS) Cie jo Oi Gl alii ‘Li, from which is deduced by 


DWIA: d momentum distribution in °Li. 

Interpretation 
a) "Phenomenological" a+td cluster models with H.O. wave functions 
fitted to A=6 data; 
is) Migkiekaesvelojonlely ioe! Cliluisieete modedee with resonating group (RGM) 
relative motion plus H.O. cluster wave functions. None of the para-= 
meters fitted to A=6 data. 
Note: Both cluster models include a degree of freedom corresponding 
#0 alignment or distortion of the deuteron cluster in °Ri. Both use 
fully antisymmetrized wave functions and include the full Coulomb 
a sVESigele! eal Oval 
c) Three-body (Faddeev) at+n+p model as a. The a, n and p considered 
as elementary and pointlike, relative motion wave functions calcu- 
lated by the Faddeev equations with realistic phenomenological NN 
and Na interactions, including the NN tensor force, but neglecting 


the Coulomb interaction. No free parameter fitted to A=6 data. 


Results of these experimental and theoretical studies: 
- "phenomenological" cluster model yields excellent fits to the 


SINE O Soil ionamn Berelconas (ewe Ih). 


108 \ o3 Nar) 10 


eee 


(a) (b) | (c) 
jell ee | ee | eee (ae Sra 2 ate RS A ee IE S| 
(6) 3 | as 3 ie) | 2 3 
q(fm ) 


FIGURE 1 
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conclusion: deuteron in °Li must be stretched and aligned along 
the a-d axis in order to achieve agreement with the data. 

- "microscopic" RGM cluster model study of °Li concentrates on 
the gs CO form factor and the atd elastic scattering phase shifts, 


which are qualitatively well reproduced (fig. 2). 
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conclusion: deuteron in °Li must be deformed. However, in this mo- 
del this amounts to a compression, increasing with decreasing a-d 
separation. Gain in the variational value of the a+d separation 
emietaeyy ly Chisicomedem as Woe Mews (bee Trew chowe distomevon 
would be unbound). 

- three-body model reproduces the d momentum distribution in 
Ciaseseasonabily swell (tgs) Derailed™ pisediucrdoncmanemg 1 VieneEb or 
the £=0 and 2=2 parts of the gs wave function, including a pro- 


jection 


10! 


(fm*) 


p(q) 


0.5 0.403 0.2 O1 0.001 0203040506 07 
q (fm) 


PLEURENS 


of the full A=6 wave functions onto (a) shell model states. 


Conclusion: 2£=2 part of gs wave function is very small (Py~5+10771), 


reduced by one order of magnitude by S,-D, NN tensor interaction, 
has a node near 1.6 fm induced by the tensor coupling. Shell model 
orbital probabilities are very different from conventional shell- 


model predictions because of large sd-shell admixtures (~123). 
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Mynbemarks end) criticisms 


- cluster models indicate clearly a deformation of the deuteron 
cluster, but"stretching and alignment" as well as "compression" 
lead to better agreement with data. How realistic are the specific 
distortions? 

- three-body model underbinds °Li by 6.5 MeV. Maybe an indica- 
tion of a-core polarization effects? 

- Coulomb interaction is important in "Li. Detailed quantita- 
tive results of three-body model will only be trustworthy with 
Coulomb interaction included. 

- all three models reproduce only part of the available data on 
°Li ground and excited states. No full comparison with all of the 
empirical information} 

Sec emodele sshould soe Nconparcd toy allorsthesexistings empiaiceall 
information (within reach of the model). Fold realistic charged 
particle densities into three-body model wave functions to obtain 
rms radius, form factors aso. 

- remember: the a+d probability in °Li is a purely formal quan- 
icdligyy Widnaligin \yalibak aaenehe loys) ilsyeisubaetel, SalinKerS ahi) jorecichemieeul Clexedinaiiesiroia 


is impossible. 


1.2. New developments concerning the °Li continuum (mainly atn+p) 
Experiments 


A large set of kinematically complete data on at+d breakup, with 


polarized and unpolarized deuterons, at many energies and angles, 


including QFS and FSI kinematics has been measured Laid hs 
Interpretation 

Three-body (Faddeev) calculations aye neglect the Coulombyincers 

action (except for "outer" Coulomb corrections of doubtful validity) 

and also the NN tensor interaction (see however contribution rs to 


this conference). 


My impression 

- Spectacular successes and failures in close relation (see ¢.g. 
contributions pe to this conference) ; 

- data set provides ample information to test calculations, 
while continuum Faddeev calculations in the A=6 system are not yet 


as fully developed as in the three-nucleon case. 
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L535 ClOs aioe) welewnshelcs) 


I conclude this section on the A=6 system by expressing my 
strong belief, that new experimental investigations should only be 
undertaken in this field if the resolution of a specific, well de- 
fined problem is attempted. On the other hand, all existing theore- 
tical models show distinct deficiencies which can be eliminated in 
the near future. Once such more realistic models with "quantita— 
tive" predictive power become available, it will be the right time 
to Study Spectiic aspects of the structure oO& Sta t(esg. W-statce lor 
of the underlying interactions (€.g. (off-shell properties or ene 
N-a interaction, NN-tensor interaction, meson exchange contribu- 
tions tO e€.m. form factors, existence or non-existence Of three— 


bedy forces) . 


2. STRUCTURES IN LIGHT HEAVY TON (sis) REACTIONS 

Val airajectories Of Collison) par tmens sin elicits Hil EC Olmlais Moms 

with napa bee MeV are spatially localized, i.e. quasiclassical. 
ColiAsroncs can ehusmwoe roughly wdavded milrOmrenreemGateg ores media 
giving Gise to a particular type Of structure in the cross-section, 
studied as a function of bombarding energy: 

- "distant" encounters: Coulomb plus long-range tail of inter- 
nuclear interaction, reaction time is short Cesare ae energy 
transfer is ~0, internal degrees of freedom of collision partners 
are not excited, lead to: 

GEOSSHSERUCEUBe  (servacition, Gi ciraculon) ayia chel ome. 

"quasi-optical" phenomena; 

= "grazing" encounters, strong internuclear interaction, xreac— 
ELOnmEIme ss slOmcens (ot-5 10> ey energy transfer into internal 


degrees of freedom (collective excitations, few-body rearrange- 


ments, “molecular” states?), lead to: 
intermediate structure (IS) with I~50-500 kev, "few-body" 


phenomena, surface interactions; 

- "head-on" encounters, very strong interaction, long reaction 
time (hte 108 ee transfer of the available cm. energy into inter- 
nal deguecs Of freedom (full ory partials fusion slow preequilibrium 
processes, compound nucleus formation), lead to: 


fine structure with I<l10 keV, "many-body" phenomena. 
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All three types of collisions occur simultaneously above the 
Coulomb barrier: we observe strong interference between various 
structures: 

SEe(uOcoms CLUCEUMeSCChmiMl elactiGescatrenimng, mot am Geact ions. 

-— fine structure usually not resolved in experimental studies; 

- intermediate structure (= few body phenomena) seen in elastic 
and inelastic scattering and rearrangement (direct) reactions, aLie 
coupling to many-body degrees of freedom is weak for grazing en- 
counters, 1.e. if number of open channels, carrying high energy 


and large angular momentum, is small in grazing collisions. 


Experiments confirm these considerations, as shown in 
Sac Gross! and antcernmediate structure im 9 -Ch 46 and 
""O7"°O elastic scattering, gross structure only in '*N+!*N (too 


Many Open channels) ay. 


Elastic scattering of identical particles --== 
excitation functions N-4=90? == - : 


da/dQ\(mb/sr) 


SO 7S SOO M2IS) 150) 475" 20G 225) 250) 275" 30'G" 325) 3510) 375 
E.u(Mev 


- 


FIGURE 4 
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- fig. 5 : IS in 1*c+!?c induced reactions (no gross struc- 
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FIGURE 5 


Excitation functions for various !*c+!*c induced reactions on a 


common energy scale (E, of 2"Mg). The channels are labelled in 
Enes Ewoumse 


= fig. 62 the available (tentative) intormat:on a on the J-va- 
lues of the IS proves that these are surface phenomena (correspon- 
ding for '*c+'*Cc to a distance of interaction R ~ 6 + 0.5 fm), 
Since Eom <i) (oialL)) ae for semiclassical grazing trajectories 
(a possible exception are the IS's on or below the Coulomb barrier, 


which might correspond to phenomena occurring at larger separa- 


tions). 


G.-R, Plattner / Nuclear Few Cluster Studies 


RESONANCES IN '*@C+!*C REACTIONS 


30 


20 F 


Ecm( '*C+!2C) MeV 


= fig. 72 “counting” the number of open channels for grazing 


12c+!*C shows the most pronounced IS 
a6. 
U 


collisions explains, why 


(lowest number of open channels) 


50 
° 
e 
® 45 
° 
° 
° 
e 
e 40 2 
8 = 
° oO 
° 5s 
. & 
2 “Se 
30 W 


FIGURE 6 


i) 


1 as Si 0) fie al a 


So 


T 


3 


I 


NUMBER OF OPEN CHANNELS PER UNIT OF INCIDENT FLUX 


+c 


Seat 


— 
15 


= 1 1 1 1 2s 
10 i vd Os 0 
GRAZING ANGULAR MOMENTUM (fh) 


FIGURE 7 


Se 


574c G.-R. Plattner | Nuclear Few Cluster Studies 


Conclusion: = gross structures are two-body “optical” effects, no 
exotic explanations needed; 

- fine structure (if observed) is a many-body statisti- 
cal, compound nuclear effect; 

- intermediate structure is a surface few-body pheno- 
menon. A detailed understanding of the corresponding reaction 
mechanisms and the underlying nuclear structure requires consider- 


able deductive experimental studies. 


2 oho Sieisichy Che ine sleleeigilscasencS Sie bieiswua 

First interpretation (1960, year of discovery of IS im ~-C€#*-C 
H.i. xreactions by a Chalk River Group ae 

- IS caused by "molecular resonances", induced by a long range 
interaction of a novel kind a8 (neutron exchange?, deformation of 


C2), sfig. 8 shows. the original ~<C+ -C data ae 
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This fascinating conjecture is now 23 years old, but the H.I. phy- 
sics community has been unable to prove or disprove it! In my opi- 
nion the reason is a deplorable lack of deductive (rather than ins 
ductive) investigations: 

- deductive: forward, from conjecture to observation, from 
cause to effect, yields positive evidence 

- inductive: backwards, from observed effect to hypothetical 
Cause, yields interesting conjectures but no proof that they are 
correct: 
Instead of a careful test of the "molecular" state hypothesis, 
there was a great, but uncoordinated rush towards other systems 


25,29, 30, . 


and higher energies. IS was discovered [see recent reviews 

- below, on and above the Coulomb barrier, 

- in ~20 composite systems from A=20 to 60, 

—- in elastic, inelastic scattering and reactions to very many 
final states, including protons, neutrons, ¥, a, deuterons, exci- 
ted residual nuclei, total cross sections. 

Malicious characterization: A great mess: in which the few careful 
investigations are polluted by a great deal of sloppy work (see 


EhemiinerOduGerLon tO ret. 29 and ret. Si as an andication that thas 


iewelsoucrele watchin, the Hil. community). 


2.5. Possibilities for a deductive: approach (a few-body physi= 
Gisies List). 
DimnNbachiwOmuche Many iomCOnrEespond coma mnuerresonance: 

- unambiguous assignment of a unique angular momentum J for the 


whole bump; 
- proof of the existence of a pole in the reaction amplitude 


(e.g. phase shift analysis, R-matrix analysis of the promi- 
nent decay channels). 
b) What are the reduced partial widths y° of an identified reso- 
nance for decay into the prominent channels? 


- quantitative R- or S-matrix analysis; 


- cross-checks on the results by observing closed reaction 
loops 


fname ere >. 2° Nera, A-CHO 160+%Be, *°Neta + '°O+°%Be); 


576¢ 
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proof that "molecular reduced widths" (i.e. two-body **C+’*C, 
One Aeg, UGks ds "Cieks) pide: (clejani, Grete, Oe Cleary walcliemns) 


is not conclusive, since these are asymptotic rather than in- 


temnal=stEructunre quanicreiles . 


c) What are the electromagnetic properties of (a series of) true 


resonances with large "molecular" widths? 


This 


Ds 


observe y-transitions into, from and between the suspected 
"molecular" states; 
deduce size and e.m. moments of wave functions; 


deduce overlap between members of conjectured "molecular" ro- 


tational band. 


is no simple task, but less will not do! 


4, What is the present status (in |*c+’*C)? 


= Gxrlsesemee Ow WS Ssisalolisinec ws co Boe a Mev (total ~80 bumps), 


compound nuclear (thermally equilibrated) statistical origin ex- 


clude 


detor most Of the Struceune. 


= ENG SESS Oi 1eSSOMEMCGS [HOME jereowen seKe EH lobinjas; (cre. 8 AS? aim 


examp 


RATIO TO MOTT 


le: phase shift analysis of elastic '*c+!*C scattering woe 
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Excitation function and corresponding phase shift parameters 
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=~ celiable J-values assigned for ~2/3) of the bumps. 


- estimates (and a few quantitative determinations) available for 


"molecular" decay - and reduced widths in ~2/3 of the cases: 
; aaa 32-34 
Miegyi 2g | Deak Oni —Un2) Mees. ll 
See ee owtener —0001-0,05 1! [ret.o}.. 


- No systematic investigations of reduced partial widths, total 
width not accounted for by quantitative studies of all strong de- 
cay channels, particularly the single and mutual inelastic 
channels. 

- Search for e.m. transitions between conjectured members of "mole- 
cular band" fails to detect expected y/particle branching ratio by 
an order of magnitude EOP en 

- Very strong decay of composite system into a + *°Ne and N + 7?Na/ 
*2mMg is observed, not very suggestive of simple molecular configu- 


rations. 


2.5. My provocative conclusions 


There exists at present no conclusive, positive, deductive 
empirical evidence for any kind of interpretation of IS in light 
Ilo IE Sateyeloleukenaten 
Nuclear "molecular" states are not likely to be the dominant struc- 
ture, but may play a certain yole. 
WomCMOtewa srEeCent —revaew ae i. se cne ceinm nuclear molecular stare 
has become almost universal in the literature. It should be pointed 
out, however, that the terminology, although universally accepted, 
implies more than is actually known about these states"?! 
All the available evidence points to a much more complicated inter- 
play of many different kinds of structure. 
PS eMNOtCheareacial ll chaterhemme obsenved mat udatrerentsenexscurcs 
and in different channels have a common origin. The structures be- 
low and on the Coulomb barrier in !*c+'*C may well be more likely 


candidates for prominent few-body phenomena than IS at higher ener- 
pein 
216.) LhneoretLoLlanls 1deas 


BS) ; : 
The prevalent theoretical concept tomexp laine Sus  thlakwOnmma 


fragmented "giant resonance", i.e. a "Simple" (two-body) state in 
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the entrance channel spread by weak coupling over the more complex 
Few- to many-body states of the composite system: 

- the simple state is taken to be a shape resonance, i.e. a 
single particle state in the mean ion-ion potential, 

- the more complex states are taken to be similar two-body 
states of the two ions; however, one or both ions are thought 
to be excited to their low-lying collective states; 

- in this way, energy and angular momentum are transferred from 
orbital to intrinsic degrees of freedom of the collision partners. 
Figs. 10 and 11 show two complementary pictorial representations 
of such a process, by which a !*c+!*cC state with angular momentum 
J Ccouplies to a 120412 0% (27) State with the ssame Ws eranstemgrina 
AE = 4.4 Mev ana {2 = 2 from orbital to intrinsic degrees o£ £free— 
dom. 

Note that in fig. 1l the separation of the two ions (the moment of 
inertia) as assumed to be constant, se that a “resonant” coupling 
is possible only in a limited region of energies, where the total 
(orbital + intrinsic) energies and angular momenta can be identi- 


cal for the '*c+!2c and the !2c+!2c*(27) "aligned" (J=2+2) states. 


J=L+2 


ALIGNED 
BAND 


By MeV ) 


*— ELASTIC BAND J=L 


FIGURE 10 ‘FIGURE 11 
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This description has been shown to yield qualitative agreement 
with experiment, but does not yield BOAGs a detailed description 
o£ the data. 

Reactions cannot be calculated in any detailed way. A quantitative 
representation of the data should not be expected! In the process 
of giant-resonance fragmentation the coupling to a collective in- 
ChincleVdegqhee ot freedom 2s only a first step: 

= in further steps, mutual inellastic excitation, excitation of 
a-particle substructures, of more and more complex structures all 
the way to complete fusion into a highly excited compound nucleus 
Wwadlocemir! 

- each intermediate state will thus be further fragmented into 
more complex states, so that one expects a long chain of (resonant) 
couplings, linking the initial two-body "molecular" states to the 
full dynamics of the 24-nucleon problem (for !*c+!*C); 

- the composite system has a chance to decay during all of 
these intermediate steps, thus feeding a great variety of reaction 
channels. 

The situation is very reminiscent of (nucleon induced) preequilib- 
“LUM—proOcesses,, which can only be described an terms Of Statistil— 


cal models. 


2.7. My conclusions 

The "nuclear molecular state" is only a fleeting doorway state, 
which makes up for but a £ew percent of the total wave function 
(remember the small values of the reduced "molecular widths"!): 

-SMos eapLobably wes only velakvon tovaromnuc molecules as etie 
two-cluster aspect of the first few steps in the fragmentation 
process; 


- the question of its existence is thus relegated to the level 


of semantics and may well be a question without a definitive 
answer! 


It is sad that the exciting conjecture of full-fledged, long-lived 
nuclear molecules in light H.I. interactions seems to have little 
Chance Of surviving. Should the researchers in the tield prove me 
wrong, this would indeed be a great - but welcome - surprise for 


me! 


580c G.-R. Plattner | Nuclear Few Cluster Studies 


REFERENCES 
i) J sen eBesqstreém ceral.,. Piyc. ev 162 5198S) Misio® 


2) imp apukas! Proc. Cont. Moderns Nsends mune lasieue electron 
scattering, Amsterdam (unpublished). 


Us, Beagsicom Ge aly, NUL MoS 5AS27 (LSS) 439) - 

5G, tn, Ge Glia, Nucl. eins AWG? (OWL) Seis 5 

so BergSinem, NEC Pie AI 7 (US 7S) Wes euicl weirs CihieSC! jeinisire 
1Ge Bexngstrom, Phys. Revne2i (iSO) 2496. and srers. eClEedmencirsel. 
.G.H. Robertson et al., Phys.Rev.Lett.47 (1981) 1867. 
Albmechteee aly, Nucl Phys Ass3 (LISO) 477. 

Barbarino et al., Phys.Rev.C21(1980)1104. 

Kenadayeiaralay  NUCI Pins. ASCO MOS 2 Gar 

.R. Lehmann and Mamta Rajan, Phys.Rev.C25(1982) 2743. 

=k. Lehmann, Phys. Rev.€25 (1962) 30467 

.R. Lehmann and W.C. Parke, Phys.Rev.C28(1983) 364. 


(ee) 
So 6 we m= mM jw be ey ey @ 


4) vasuce Koike, Nucl Phys. Ass7 (E980) 23. 

15) Wy Bewine Ee edie, Wed Bie ASS (C37) 269 - 

1G) Ib, Gileiwex ee alo, Wwe. Bye jANIOO (USS 2) SOS 6 
Ly) to Slews Se allo, NUGI. PinyS oASO7 (L983) 205. 


s})) 1, Sikews Se ello, Wee SSiisaliesnyariay Os ele Chae! iomealaule) 150 mS 
forces, this conference. 


LO\ MOS A... Al-Ghaza (et al, Measuremene Or Al ame Avy in the 

3He(d,p)n‘He reaction at 14.8 MeV, this conference. 
20) H. Oswald et al., Measurement of the excitation function and 
angular distribution of the *He(d,pa)n breakup reaction at low 
SmewGies, clhoaLS COMEciceniee. 


Puy) (Sh. Uelealiongatein Cie clo, Aung iillene GhiGiciellopiaLCIl Wiz IMSUNEmOIN—jome coin 
Enel Stace nceraceion an thie ceaceion. Dil, pu)i, sents Contr 


22) M. Ishikawa et al., ‘He(d,p)n*He reaction and Faddeev calcu- 
lations, this conference. 


23) D.A. Bromley, Quasimolecular heavy ion interactions, in: 
Nuclear Reactions induced by heavy ions (North Holland,Amster- 
Cait; LY 7/0 Vo5 52. 


24) H.R. Cosman et al., Phys.Rev.Lett.35(1975) 265. 


25) T.M. Cormier, Resonances in heavy ion nuclear reactions, in: 
Annual Review of Nuclear and Particle Science, Vol.32, eds. 
J.D. Jackson, H.E. Gove and R.F. Schwitters (Annual Reviews 
IMCs 7, Weve; Mee, ANE) jsjog 2 HS SOS 


26) F. Haas and Y. Abe, Phys.Rev.Lett.46(1981)1667. 
27) E. Almquist et al., Phys.Rev. Lett. 4(1960)515. 
28) E. Vogt and H. McManus, Phys.Rev.Lett.4(1960)518. 


2,9') 


30) 


Shh) 
32) 
33) 
34) 
35) 
SHS) 
87) 
38) 
39)) 
40) 
41) 
42) 
43) 
44) 


G.-R. Plattner / Nuclear Few Cluster Studies 58lc 


Resonances in Heavy ion reactions, Lecture Notes in Physics, 
Vol. 156, ed. K.A. Eberhard (Springer, Heidelberg, 1981). 


R. Bass, Nuclear reactions with heavy ions (Springer, Heidel- 
berg, 1980). 


J.P. Schitter, Resonances im sd-shell nuclei, in ref.29,p.177. 
HwehOrotkhy et ale, Pihys.Rev.C20 (1979) O14 

We uedOlx Ctra, Phys.Rev C27 (1983) Lu03% 

SA emigimciel. ,) Pho. ReV.e22) (LOSI) 50 7% 

ineuvet als, Phys. Rev .C23 (19/83) 237. 

mils jWelGuechelol ie MG) IlabyAsys Ivey plea CM end) 72 SFA, 

Mettag et al., Phys.Rev.C25(1982) 1486. 

Adelberger et al., Annual report 1982, MPI Heidelberg,p.126. 

Feshbach, J.Phys. (Paris) Colloque 5(1976)177. 

imeanishiy Phys. bStii. 27B (968) 267. 

Punigecimal. Nucl. Phys AlsG (972) 209% 

Abe eu al., Prog.Theor. Phys suppl. 68)(119130)) 3032 

5 Meanie; INGEN Diss ASO) (US) Wis) PAS elevel Taenesi, Lice! ielalense.,, 


inc) KOs Sinsy ach Vesie aecy | esl) Cae cl psy es} Weel a6) 


Abe, Molecular resonances and strong absorption, in: 
Clustering Aspects of Nuclear Structure and Nuclear Reactions, 
ed. W.T.H. Van Oers, J.P. Svenne, J.S.C. McKee and W.R. Falk 
(AP New vork,, L973) pp I32—14 3). 


14 


: Ce ad M ; 
hae os, 


iy 
—_ . | 


ae 
i Avice 1, nee rAd a 
PONT RY Eg wea a) 
Piel i 50> lee 7 
_ ‘ot er ia 


rs 7 PP _ gf 


| fore ad avn 
¢ oe 
} ey + 
16. we sore: 


Nuclear Physics A416 (1984) 583c-604c 583c 
North-Holland, Amsterdam 


ELECTRON SCATTERING AND FEW NUCLEON SYSTEMS 


Be TeVoHIS 


DPh-N/HE, CEN Saclay, 91191 Gif-sur-Yvette Cedex, France 


Recent results obtained by electron scattering in the few-nucleon systems 
(A <¢ 4) are presented. In particular, new experimental data have measured 


9 


the tensor polarization T2o, the magnetic form factor B(q*) and the elec- 
trodisintegration of deuterium. A brief overview of the experimental situa- 
tion is given together with a status of the theoretical interpretation. 

*He charge and magnetic form factors are discussed. New theoretical results 
indicate that three body forces improve considerably the saturation proper- 
ties of *He, *He and nuclear matter, but are not able to reconcile experi- 
ment and theory for the charge form factors of *He and *He. Calculations of 
meson exchange effects with different theoretical approaches bring the theo- 
ry into reasonable agreement with the experimental charge and magnetic form 
factors of “He. 

Recent results of the measurements of the two and three body break-up of 
3He are discussed. 


1. INTRODUCTION 

The structure of few nucleons systems is of particular interest for a quan- 
titative understanding of the nature of elementary interactions between nuclear 
constituents. Even the simplest properties of few-nucleon systems such as 
their binding energies, density distributions, quadrupole and magnetic moments 
cannot be accurately determined by considering only the interactions between 
nucleons in the framework of a potential theory. 

We are now in a situation very close to the one of atomic physics after the 
discovery of the Lamb shift, thirty five years ago. At that time, an interac- 
tion between charges was no longer sufficient to describe such a small effect. 
The modification of the field due to the presence of photons was needed to 
build a theory. To day, nuclear physics is in a similar situation. The inter- 
action between nucleons is not sufficient to build a theory. One has now strik- 
ing experimental evidence of the presence of meson exchanges, such as a factor 
of 10 enhancement in electrodisintegration of deuterium or in the magnetic 
form factor of *He. Similar observations have also been made with photodisin- 
tegration experiments. But, the difficulty of the meson theory is that the 
strong couplings involved make the calculations of short range processes very 
difficult. This explains why for a long time nuclear physics has progressed in 
a phenomenological way without much reference to the meson theory. This situa- 
tion is now changing rapidly. At distances r21fmthe experimental observations 


have firmly established the mesonic exchange nature of the nucleon-nucleon in- 
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teraction, but the short range part, r < 0.8 fm is out of the reach of meson 
theory. This is precisely the region which is relatively easy to describe 
within the quark picture of nuclear forces. Quark theory being valid only on a 
scale of small distances would then provide a theory just where the meson de- 
scription is no longer tractable. Quark models are now in a rather primi- 
tive state and any argumentation is very speculative. But, there is now an 
urgent need for unambiguous informations on the processes occuring at small in- 
ternucleon distances, between 0.1 and 1 fm in the few nucleons systems. 

High energy electrons are by far the best tool to study these processes. 
They interact with any charge or current in the nucleus by the exchange of a 
virtual photon which penetrate in the nucleus, transferring any required amount 
of energy or momentum transfer selected,by adjustment of experimental kinemat- 
ical conditions. 

The reaction mechanism is fully interpretable in a quantitative way because 


the total charge and current are conserved during the reaction. 


The virtual photon will "see" the spatial distribution of the nuclear charge 
and magnetization by mapping out their form factors. The only requirement will 
be that the photon has a sufficiently small wavelength matched to the size of 
the spatial fluctuations that one wants to study : 


Approximately : qv = 


where Ar expressed in fm is the size of the spatial fluctuations to be observed 
and q (in fm!) is the value of the momentum transferred to the nucleus 
by the virtual photon. 

A charged meson exchange will be "seen" by the photons as an enhancement or 
a decrease of the form factors at specific momentum transfers. For example, the 
pionic pair current dominates the magnetic form factor of *He in the momentum 
range 3 < q® < 10 fm -. 

By selecting carefuly the kinematical conditions, one can separate by a com- 
bination of measurements the longitudinal and the transverse form factors. 

In this talk, I will give a very brief overview of the developments in the 
field of electron scattering during essentially the last two years. A large 
number of experimental data have become recently available stimulating a great 
theoretical activity. It is obvious that in 30 minutes, I cannot make an ex- 
tensive review of all the work done recently in this field. So, the main empha- 
Sis of my talk will be to discuss what we have learned from these data and the 
present limitations of their interpretations. 


2. ELASTIC ELECTRON SCATTERING FROM DEUTERIUM 


The unpolarized cross section for elastic electron deuterium cross section 
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is given by the expression : 


do 
dQ 


do _ 


dQ 


Mott 


where A(q*) and B(q*) are relativistically invariant structure functions of 
deuterium related to Pee [Op Puyo the charge, quadrupole and magnetic form fac- 
tors of deuterium. A(q*) is well determined experimentally up to very large 
momentum transfers< and is one of the evidences that one has reached quark de- 
grees of freedom. The interpretation of the comparison between theory and ex- 
periment has been called the "Gordian knot" by Gari and Hyuga’. The theoretical 
uncertainties are large. One has to treat correctly a relativistic problem up 
to the order + at least, where baryon resonances and isoscalar meson exchange 
processes such aS 7, Pp, w and p, 7, y must be taken into account properly. On 
top of these difficulties, the insufficient knowledge of the neutron charge 
form factor prevent definitive conclusions. From the experimental point of view 
a separation of the contributions of the charge and quadrupole form factors 
would be extremely useful to shed some light on this problem. An experiment is 
being carried out at Bates laboratory using an unpolarized beam of electrons 
scattered from an unpolarized deuterium target with the detection of the pola- 
rization of recoil deuterons to measure the tensor polarization Tao. 

Too 1S independent of the nucleon form factors. In principle this is an ide- 
al experiment to separate the charge and quadrupole form factors of deuterium. 
But it is more sensitive to the meson-exchange currents than to the details of 
the nucleon-nucleon potentials. Figure 1 presents the calculation of Haftel, 
Mathelitsch and Zingl° for three different well known potentials. The differ- 
ence is very small without MEC and it turns out to be even smaller with the in- 
clusion of MEC. 

Preliminary data measured by Schulze et ae at MIT-Bates laboratory are 
Shown on figure 2 together with three theoretical predictions. The data are in 
excellent agreement with the Paris potential, while they are inconsistent with 
the other two separable potentials. 

An interesting experiment which is not planned for the moment anywhere, be- 
cause of its great difficulty, is the scattering of polarized electrons by a po- 
larized deuterium target. Cheung and Woloshyn’ have made recently some calcula- 
tions showing a great sensitivity to the neutron form factor. With the present 
polarized targets this experiment seems very difficult, but there is no reason 
to exclude this possibility. 

The lack of sensitivity of T2o to the percentage of D state Py is unfortu- 
nate, because it is a measure of the tensor force component of the nucleon nu- 
cleon interaction. Even if it is not directly a physical observable, Po is well 
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seceses PARIS 
— PARIS ( Rel + MEC ) 
---— DOLESCHALL 


DEUTERIUM 
TENSOR POLARIZATION 


0.5 


0.5 


WITH MEC 


FIGURE 1 FIGURE 2 ' é 
Deuterium tensor polarization T2090, cal- Deuterium tensor polarization T20- 
culated for three different potentials The experimental data are prelimi- 


by Haftel, Mathelitsch and Zing]. Only nary results from Schulze et? al. 
the pair current has been taken into 
account in the calculation. 


defined in terms of the potentials used in nuclear calculations. So it is of 
fundamental importance to find experiments that are sensitive to Ph Since it 
would give a measure of the difference between various realistic models. This 
problem has been discussed in particular by Lomon® and also by Allen and 
Fiedeldey® from the point of view of elastic electron scattering from deuterium. 
Their conclusions show that due to the absence of knowledge of the neutron form 
factor and because of theoretical uncertainties, it is clear that one cannot 
make a discrimination between potentials without some ambiguity. However, the 
magnetic form factor Py which is related to the structure function B(q*) by 
Biig=))) Ses : n(n+1) Fi (q*) is less sensitive to the neutron form factor than 
A(q*). Furthermore, ry is very sensitive to Pos Lomon® finds a factor 2 between 
the magnetic form factors at q* = 26 fm? predicted by the potentials FL 1 

(Pp = hoy) 4) ela Tele N53 (Ph = 7.55 %), while neglecting Gey would make only a 
10 % difference between the theoretical predictions for these two potentials. 
Meson exchanges are playing an important role at such momentum transfers, but 
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in a naive expectation one would not expect a dramatic difference between the 
MEC calculated for different potentials. So precise measurements of the magnet- 
ic form factor should be sensitive to different nucleon-nucleon potentials. 


DEUTERIUM 


0 10 20 30 40 50 60 70 
q? (tm=2) 
FIGURE 3 


The magnetic form factor F,, predicted by Gari!!, The impulse 
approximation (IMP) is shown together with the contribution of 
mT and pty meson exchange . The sum of the impulse approximation 
and the meson exchange is shown for two values of the op cou- 
pling constant 0.38(0LD) ana 0.56(NEW). 


The meson exchange current in deuterium are isoscalar for elastic scattering, 


which implies that they are already relativistic corrections of order 1. and 


tl Gari and Hyuga 2 have derivedthe expressions of the tpw andom y 


oe 
exchanges. Figure 3 shows a new calculation of Gari!! for the Reid soft core po- 


tential (Pp, 
creasing the pry coupling constant from 0.38 to 0.56 because of an improvement 


= 6.47 %) where he has redone the calculation of reference 10, in- 


in the experimental determination of the decay of the p meson p > m7 + y per- 
formed by Berg et Ain At low momentum transfers, the meson exchanges have a 
small effect. The omy and the pionic pair term are of equal magnitude. When the 
momentum transfer increases, the contribution of the pmy increases also and it 
is the dominant contribution for q* > 30 fm’. The impulse approximation con- 
tribution drops at 40 fm, mainly because of the shape of the nucleon form 
factor of Iachello, Jackson and Landée® used in this calculation. So, the region 
q? > 40 fm > would be extremely interesting to measure, but it is at present 
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not feasible with existing electron accelerators. The separation of B(q?) 
from A(q?) requires measurements at backward angles as close as possible to 
180°, because of the factor tan* > At such large scattering angle one has to 
separate B(q*) from the electrodisintegration of deuterium, which is relative- 
ly difficult at high incident energy. To have a large count rate, liquid tar- 
gets must be used with a large thickness, limiting quickly the experimental] 
resolution to unacceptable values. At forward angles B(q*) has a negligible 
contribution and in the cross section observed the electrodisintegration is 


negligible, so the measurement of A(q*) is much easier. 


DSB USTsE RalUiM 


faa) 
Stanford 
Orsay 
SLAC 
NRL 
Mainz 
U. Mass.-Bates 
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0 10 20 30 
qanet fis) 
FIGURE 4 
The structure function B(q*) of deuterium predicted 
by Garill, 


Up to now the maximum momentum transfer measured for B(q?) was 15 fm ~ 


) 


while only one upper limit was determined !4 for-q™ = 26 fm”. New measurements 
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have been recently done by Parker, Peterson et nl at Bates laboratory in the 
region 1.6 fm <q? < 10.52 fm *, and by Auffret et al.!© between 

Bara ec 26 fm > at Saclay. The results of both groups are preliminary, they 
agree fairly well with each other and with previously existing data. Figure 4 
gives a comparison of these new data with the calculation of cari! for the Reid- 
soft-core potential. The experimental data are in good agreement with this cal- 
culation. The impulse approximation prediction at this momentum transfer is a 


factor 3 smaller, while the pry represents 50 % of the cross section. The ex- 
perimental uncertainty is of the order of 20%, for q° = 26 fm. One has really 
to await the final analysis of these data to make definitive conclusions. 
Nevertherless, it seems that the theoretical prediction is on the right track, 
and that the isoscalar meson exchanges are correctly estimated, since, the same 
calculation explains also reasonably A(q*) up to even much higher momentum 
transfers. 


3. ELECTRODISINTEGRATION OF DEUTERIUM AT THRESHOLD 

In the previous discussion, meson exchanges have a slowly increasing contri- 
bution and they represent at 26 fm * about 65 % of the cross section. This is 
certainly no longer a simple correction, but because of the experimental and 


theoretical uncertainties, it will be difficult to make quantitatively a very 


accurate estimate of the various contributions. A major difficulty is the 7 
order of the correction; one should in principle make the same correction for 
the wave function of the deuteron to be consistent. The situation is completely 
different for the electrodisintegration cross section at threshold and backward 
angle. This is an M1 transition, where the meson exchanges are of isovector na- 
ture and of the order They are constrained by low-energy theorems, and one 
expects to have a much better theoretical control of the processes involved. 


This reaction is the inverse of the radiative capture of thermal neutrons : 


m+ Dp 9d oy 

Without meson exchange the theory shows a 10 % disagreement with the experi- 
mental result. In 1972 Riska and Brown | have explained this difference by a 
one pion exchange. This was the first time that an electromagnetic process was 
used to show the existence of a virtual pion exchanged between two nucleons. 
But, the electrodisintegration of deuterium is much more interesting. Hockert 
and Tae have shown in 1973 that there is a strong interference between the 
3p,-7S and *S-7S transitions.In the region of the minimum of the nuclear con- 
tribution q* ~ 11 fm, the meson exchange currents are a factor 10 larger than 
the nuclear contribution. The cross section at 155° is dominated by the ex- 
change of one pion, the pion current and the pair current. Recently a detailed 
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investigation of the electrodisintegration cross section at threshold has been 
done by Leidemann and Arenhdvel '2, and by Mathiot@2, I will not discuss these 
calculations here but I would like to mention the main elements which play an 


important role in the calculations. 
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FIGURE 5 FIGURE 6 


The electrodisintegration cross section of deuterium calculated 
with the Paris potential for Enp = 1.5 MeV. The comparison with 
the experimental data is indicative since the data correspond 
to integration between 0 and 3 MeV. The effects of the 7, 9, A 
meson exchange currents are shown. The form factor RY has been 
used. Figure 6 indicates the variation of the cross section as 
a function of the mNN hadronic form factor. 


The choice of electromagnetic form factor for the nucleon has a considerable 
effect. In principle the continuity equation requires using Gr in place of ce 
The vertex form factors mNN and oNN have also a strong influence on the shape 
of the theoretical predictions. Leidemann and Arenhovel have made a quantita- 
tive estimate directly comparable to the experiment by calculating the elec- 
trodisintegration cross section integrated over 3 MeV. They have also included 
different multipoles, Mathiot~2 has calculated only the value of the cross sec- 
tion at Enp = 1.5 MeV which is reasonably close to the average value pntegoated 
over 3 MeV. He estimates this approximation to be better than 10 % at 6 fm 
which is sufficient for a discussion of the main effects observed. But he keeps 
only the transition to the *So state, which creates a minimum going to zero in 
the cross section, while Leidemann and Arenhovel '9 will fill this minimum by 
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the contribution of other multipoles. Both calculations find an equally good 
ae up to q? ~ 10 fm. But at 18 fm™?, the 


calculation of Mathiot gives a much better agreement with the data than the one 


agreement with the existing data 


of Leidemann and Arenhovel. Figure 5 is the prediction of Mathiot together with 
the data of Bernheimet al.¢!. Though the comparison is not quantitatively accu- 
rate, because it is not integrated over 3 MeV, the difference is estimated to 
be invisible on such a small plot in a logarithmic scale. Without MEC, the cross 
section is much too small, with 7 one gets closer to the experimental result. The 
addition of the p makes the cross section too large. The effect of the A is to 


10733 
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FIGURE 7 


Electrodisintegration cross section at threshold integrated 

for Enp between 0 and 3 MeV. The data are from reference 

25. The theoretical calculations are from Leideman and 
Arenhovel!9. The curve N does not include MEC, while T includes 
the MEC for the Paris potential, the dashed line is the same 
calculation with Gen = 0. The form factor GE has been used. 
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bring the theory close to the experimental data. Mathiot has chosen Fy contrary 
to Leidemann and Arenhovel. He does not predict a minimum before 31 fm’. But 
his calculation shows one of the effect of one of the most important theoreti- 
cal uncertainty. By taking different values of the mNN form factor whichMathiot 
relates to a nucleon size, the minimum of the form factor is shifted from 

20 €m to qr vey fm” (figure 6). The value Ro 0.48 fm which gives a rea- 
sonable agreement with the data corresponds to A = 1.25 GeV, where A is the 


mass scale parameter defined by : 


Ne - m- 
Pa = 
aNN Ae A 2 


This very large effect of the mNN form factor is at present the largest phe- 


nomenological adjustment of the theory. 


21-24 


Figure 7 shows the existing data with the latest data taken by Clemens 


and al” at Saclay up to 26 fm, together with the prediction of Leidemann and 
Arenhovel, with the form factor Ge for the nucleon. 


Mathiot and Riska have investigated recently this ambiguity in the choice of 
Ge and Bae They have explained that while the continuity equation needs Gr 


there are additional purely transverse 7 and o meson exchange currents for M1 


transitions. They demonstrate that for observables that depend only on the trans- 


verse part of the pion and o meson exchange current, a correction arises which 
V 
E 
electromagnetic current. In other words the pion and the rho currents requires 


Ge while the pair terms require Ba 


can be taken into account by replacing the form factor G_ by x in the nucleon 


On figure 7 the dashed line is the Paris potential prediction without the 
neutron form factor. It is interesting to see such a large effect, but one would 
need the same calculation with Fy instead of Ge before reaching a definitive 
conclusion. 

From these results, one sees that a reasonable agreement can be reached be- 
tween experiment and theory when a form factor is used for the mNN vertex. How- 
ever this form factor is adjusted to reproduce the data and has not been de- 
termined with sufficient accuracy from a fundamental point of view. 

When Hockert et Ale obtained a reasonable agreement between their theoret- 
ical calculation and the experimental data of Rand et aiees Upeco 0 fm, Tie 
was a break through. For the first time a large effect of the pion exchange 
could be measured unambiguously, because it was by chance the only relevant con- 
tribution. The purely nucleonic transition is cancelled at relatively low mo- 
mentum transfer because of a destructive interference between the ese = 5 and 
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the *D, - 1S) transitions. This is quite in contrast with the magnetic form 
factor of deuterium where the purely nucleonic contribution vanishes only at 
35 fin and has not yet been seen because of the absence of a suitable elec- 
tron beam of at least 1.5 GeV. In 1973 the pion exchange was the only "short 
range" interaction visible experimentally. It was sufficient to consider only 
a pion exchange between point nucleons to reproduce fairly accurately the ex- 
perimental data. Today, the experimental situation is completely different, 
much shorter range interactions are observed, typically between 0.3 and 1 fm. 
One is getting the benefits of twenty years of technical developments for mea- 
suring small cross sections. The new electrodisintegration data of Clemens et 


al. are typical. A cross section as small as 2.5 10°29 


cm*/sr has been mea- 
sured with 30 % accuracy at q? = 26 fm. Figure 5 shows that in this momentum 
range, the cross section is probably entirely due to the o meson exchange con- 
tribution. The situation is now exactly the opposite of the region measured by 
Rand et An up to 10 fm where the pe meson-exchange and the A currents are 
almost cancelled by the effect of the finite size in which the mNN interaction 
takes place. 

These results emphasize the importance of studying such an isovector magnet- 
ic transition. The various currents which contribute to the cross section have 
strong destructive interferences which occur successively at different momentum 
transfers. So measurements at specific momentum transfers single out the differ 
ent contributions of the meson exchanges. Electron scattering is here just a 
microscope which looks at an object with larger and larger magnification. With 
the very high momentum transfers measured recently the short range part of the 
nucleon-nucleon interaction is now the major part of the effects observed. 


4, d(e,e'p)n and d(y,p)n 

Another, very interesting aspect of the electrodisintegration of deuterium 
is the measurement in coincidence of the electron and the proton which has been 
discussed in great detail by Arenhével<! recently. Following his notation, the 
d(e,e'p)n cross section is a function of the longitudinal (L) and transverse 
(T) cross sections. 

d3a. 
dk do, »d2, 

where by, is the angle between the plane defined by the momenta of the proton 
and the neutron, and the plane defined by the momenta of the incoming and out- 


= (oy + Oy + 0 7 COS 93 + Or cos oan 


going electron. In the impulse approximation, the differential cross section 
can be factorized into an elementary cross section and a spectral function 
which is directly the energy and momentum distribution of the bound proton. 
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If such a factorization were possible. the momentum distribution of the pro- 
ton in deuterium could be extracted directly, giving a possibility of evalua- 
cing) the S/D ratio, Dut Arenhovel—_ has shown that the factorization is not bet- 
ter than 20 %, and therefore a very crude approximation. 

Three experiments have been carried out recently at Saclay for different ki- 


nematics<0?*° which are indicated below : 


Saclay kinematics for d(e,e'p)n 


[emia a a ea = 
ke! a China| E Proton 
‘ i LAB | “np momentum 
(MeV/c) (MeV/c) (deg) (MeV/c) (MeV) (MeV/c) 


5-175 


155-375 


300-500 


Figure 8 gives the momentum distribution p(p) for the Reid soft core poten- 


FIGURE 8 
The momentum distribution of 
deuterium calculated by 
Arenhdvel2/7 with the Reid soft 
core potential. This is not the 
result of an impulse approxima- 
tion, but of an unfolding of 
the experimental cross sections 
of Bernheim et al.28 for meson 
exchange currents and final 
state interactions. No renormal- 
ization of either the calcula- 
tion or the data is needed. 
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tial up to 300 MeV/c. The experimental datae? are in excellent agreement with 
the calculation of Arenhdvel where the final state interaction and meson: ex- 
change effects have been unfolded point by point. This is a much nicer way to 
plot experimental data, but the experimental information is modified by correc- 
tions which depend on the model used. For the kinematic region of the experi- 
mental results shown on figure 7, the final state interactions and the meson 
exchange corrections are probably well known enough to enable such unfolding 
procedure. However, it is preferable to make directly a comparison of the ex- 
perimental cross section to the theory, giving up the idea of extracting unam- 
biguously a momentum distribution. 

Figure 9 shows the latest results from Saclay“" together with the theoreti- 
cal prediction<’ for the Reid soft core potential. The curve labelled (N) has 
been obtained by taking only the meson exchange contributions for electric tran- 
sitions by using Siegert's theorem. The curve labeled N + MEC + IC includes me- 
son-exchange and isobar currents and final state n-p interactions. The curve BA 


corresponds to tne Born approximation, and agrees poorly with the data. 
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The large effect off the meson exchanges seen in figure 9 comes almost exclu- 
sively from Or. An interesting feature of this kinematic region is the large 
effect of the A. 

The dependence on the potential used in the calculation is rather small, 
though for the higher momentum part the Paris potential or the De Toureil Sprung 
potential give a very slightly better agreement. 

A different theoretical approach has been followed by Laget 
virtual photons calculations carried out initially for real photons. This method 


aahe has extended to 
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is based on the non-relativistic reduction of the Feynman diagrams such as the 
ones shown in the insert of figure 10. 

The calculations are in excellent agreement with a large number of experimental 
data for processes involving virtual and real pions. In these calculations, the 
amNN form factor and the 9 coupling constant were determined by a fit’? to the 
photodisintegration cross section at a scattering angle of 90° for energies 
between 100 and 500 MeV. Figure 10 shows the excellent description of the ex- 
perimental data by the mechanisms assumed by Laget. The recent Bonn data** in 


the A region are in very good agreement with this calculation. 
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FIGURE 10 


d(y,p)n at 90°. The data in the A region have 
been measured recently at Bonn32, 


Below the pion threshold the cross section does not depend on the 0 exchange, 
while the AN + NN transition is strongly modified in the A region (EY ~ 300 MeV} 
The pion and the o exchanges are decoupled which make their determination re- 
liable. The values fitting the photodisintegration data at 90° are A = 1 GeV 
and Gn/Ge ~ 1.3. Once these two values have been adjusted, the photo and the 
electrodisintegration cross sections are determined without any further assump- 


tion. The predictions»! 


for the angular distributions of the photodisintegra- 
tion of deuterium and *He are in excellent agreement with the experimental data, 
the electrodisintegration is also well reproduced. With 300 MeV photons one can 
see large effects in the A region while a much larger energy is required for 


electrons for coincidence experiments to map out the q,w plane. 


5. ELASTIC ELECTRON SCATTERING FROM *He AND °H 
From a theoretical point of view, the wave functions obtained either by three 
body calculations in {r} space and in {q} space, are now in good agreement with 
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each other. However these calculations fail completely to explain the form 
factors of *He measured by electron scattering. It is clear that there are 
other effects. Very recently, the effects of three body forces and meson ex- 
changes have been calculated, and the situation appears much clearer than at 
the previous few-body conference. 

Elastic electron scattering measures the structure functions A(q*) and 
B(q*) just as in the case of deuterium. Since the ground state of He has a : 
spin the only form factors which contribute to A(q*) are the charge and the 
magnetic form factors.The structure function A(q*) of *He has been determined 
up to q* = 80 fm ~. The magnetic part in A(q?) for very large q is not 
known, but predicted to be important. The magnetic form factor has been 
measured recently by Cavedon et aie but only up to 32 fm, which means that 
it is impossible now to correct A(q*) for magnetic scattering and to extract 
the charge form factor for q > 32 fm. The calculation of Katayama? 
is in good agreement for q* > 65 fm >. The major problem is in the region 
15 fm < @ & 103 fm. This discrepancy is found with all the potentials and 
all the existing numerical methods used to solve the three body bound state 
problem. Sick’ has shown at the Graz conference that admitting that 
A(q*) = Penta’) and with meson exchange corrections, an inverse Fourier trans- 
form would determine a hole in the charge distribution of *He. A considerable 
theoretical effort has been to calculate the effects of a three body force. 
Blomelburg and Bluckle = have carefully evaluated the convergence of the cal- 
culation for the binding energy of 3H with the Tucson’” three body force. They 
start from the Faddeev equations in a partial wave decomposition, getting the 
triton wavefunction from a five channel solution with the Reid potential. Their 
conclusions are that the main corrections to the binding energy comes from 
channel 1 and 2. With eighteen partial waves they get a negligible result of 
-0.158 MeV additional attraction. But their striking result is the lack of con- 
vergence of the result. It is clear that even with eighteen partial waves, the 
final result is not yet reached. This is probably caused by the angular depen- 
dence of the three body force which makes partial wave expansions converge 
very slowly. There are also large cancellations between the different contri- 
butions of the three-body force. This explains why there has been significant 
differences between theoretical predictions. 

A variational method does not have this problem and gives an exact upper 
bound to the binding energy of the nucleus. The recent results of Carlson, 
Pandharipande and Wiringa’? (CPW) and Wiringa’? have been obtained with reli- 
able many body techniques. A comparison of the saturation properties of 7H, 
*He and nuclear matter shows that if a three-body force is the only missing 
ingredient it should provide a 1.5 MeV attraction in °*H a 5.4 MeV attraction 
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in *He and a 4.5 MeV repulsion in nuclear matter with the Urbana Lage poten- 
45 

tial 

tractive one and a repulsive to decrease the binding energy of nuclear matter. 


. This means that there must be two parts in the three-body force an at- 


In a first attempt to reconcile the theory with the experimental data of A(q*) 
Carlson and Pandharipande have shown that the three-body force that would give 
a fit to the data of the charge form factor of *He would underbind nuclear 
matter by 10 MeV which is completely unacceptable. An excellent agreement for 
the binding energies and the charge radii is found with a three-body force in 
which the attractive part is the Tucson two pion exchange, while the short 
range part has a phenomenological shape with two parameters. 

These results show that major improvements are obtained in the saturation 
properties. Furthermore, the Coulomb energy found theoretically~700 keV leaves 
very little to be explained by nuclear charge asymmetry. Nevertherless it 
should be noted that these improvements based only on a three-body force are 
not completely satisfactory because "He is now overbound by ~ 1 MeV. The charge 
form factor #He and “He are still not quantitatively explained by the Argonne 


or the Urbana V,, potentials with three-body interactions. 

A recent calculation by Hadjimichael, Bornais, Goulard has proposed an ex- 
planation in terms of both a three-body force and meson exchange currents. 
The calculation has been made with the wave functions of the Grenoble group? 
The agreement obtained is impressive up to 40 fm. (Figure 11) The charge 


radii are equal to 1.92 fm (*He) and 1.71 fm (3H) in very close agreement to 


10°” 7 
“fr FIGURE 11 
3He charge form factor calculated 
10-7 F ere with two body and three-body forces. 


Meson exchange currents have also 

[ with 3 body force been included in this calculation°4. 
10-2 4 The experimental data have been ob- 
tained at Stanford by McCarthy et 
a and at SLAC by Arnold et 
Gilson 
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the most recent values *He(1.935+0.030 Dunn et alr 1.958 = 0.078 Ottermann’? 


and #H(1.67 + 0.05 Beck et nies The major source of uncertainty is coming 
from the fact that MEC are of relativistic order (1/M?). Nevertherless this 
calculation shows that MEC are likely to explain much of the disagreement between 
theory and experiment for the charge form factor of °He. The results of Strueve, 
Hajduk and Sauer” | including also relativistic corrections of the single nu- 
cleon charge the nucleon A transition charge and the pion sea-gull process to 


the order 1/M*, also is in much better agreement with the experimental data. 
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FIGURE 13 
3He magnetic form factor. The 
experimental data are compared 


FIGURE 12 to purely nucleonic contribu- 
*He charge form factor in a model where tion (dashed line and the cal- 
the pair current is calculated with a culations of Hadjimichael etal.(a) 
quark model by Beyer et al.92@ and Riska (b). 


: where the 


An interesting new approach has been followed by Beyer et Bie 
pair current is evaluated within a quark constituent model. Again the ampli- 
tude of the second maximum can be fairly well reproduced. (Figure 12) These 
different results show that the *He obtained with modern potentials are proba- 


bly fairly accurate but the problems left are all concerning the short distance 
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interactions both in the two body force and in the three-body force. 

In the magnetic form factor of *He and *H,MEC can be calculated in a much 
more reliable way. They are of order (1/M) because it is an M1 magnetic iso- 
vector transition exactly as in the case of the electrodisintegration of deu- 
terium at threshold. The new data of Dunn et Ae at MIT-Bates, have determi- 
ned the magnetic form factor at 6 = 160° for momentum transfers between 0,7 and 
11 fm” while the data of Cavedon et ava have been measured at 6 = 155° be- 
tween 7 and 32 fm at Saclay. In the overlapping region there is an excellent 
agreement between the two experiments. Because of the change of sign of the 
form factor, the location of the minimum is well determined around 18 fm. 

The data have been corrected for the charge contribution Coulomb distortion by 
a phase shift analysis which has been described by Cavedon et a. so the data 
are really representing a form factor and can be directly compared to theoreti- 
cal calculations. Figure 13 shows the comparison of the experimental data to a 
calculation by Riska?® with a phenomenological wave function and the calcula- 
tion of Hadjimichael, Bornais,Goulard °* with the wave functions of the Grenoble 
group . The agreement at momentum transfer lower than 15 fm > is very good, 
but at high momentum transfer it is very difficult to disentangle the origin of 


0 while for Riska it is probably only 


the disagreement for Hadjimichael et Se 
an incorrect behaviour of the wave function at high q. The cross section at 

q? = 7.5 fm > is coming only from meson exchange currents. The dominant contri- 
butions at low q is the pair current, at higher momentum transfer around 

q? = 30 fm the pair current cancels the A current and there is considerable 
interference between the different diagrams. 


=I and Maize and Kim, but 


Similar agreements are obtained by Strueve et al. 
their calculations differ in the choice of electromagnetic or hadronic form fac- 
tor. In particular Maize and Kim have discussed the effect of the neutron form 
factor. The agreement obtained at low q shows that we understand well the m ex- 
change. At higher momentum transfer, the situation will require a deeper analy- 
sis and will be an excellent testing ground for the description of short range 
processes. 

An accurate comparison between *He and 7H is needed. In the charge form fac- 
tor, meson exchange currents are expected to cancel even at high momentum trans- 
fer. However, in the quark model of Beyer et A? for the pair current (NN) 
there is no such cancellation, the quark pair effect is nearly equal and addi- 
tive for both nuclei. 


6. 3He (e,e'p) 
The electrodisintegration of *He by means of the (e,e'p) reaction has been 
studied recently by Jans et ale up to 20 MeV. 
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The measurements have been made for two kinematical regions in which the pro- 
ton momentum varies approximately between 20 and 290 MeV. Meson exchanges and 
final state interactions are important and do not allow a direct extraction 
of the proton momentum distribution. Figure 14 shows the results of Jans et 


a1.06 together with the calculations of Laget3!. Laget has used the same mo- 
mentum function to calculate the “He(e,e') cross section of Day et al.°° at 


3.26 GeV and 7.26 GeV. A good agreement is obtained for the 3.26 Gev data, 
while at 7.26 GeV there is a significant deviation. Sick et al.°2 have shown 
that for inclusive *He(e,e') data between 0.5 and 14 GeV electron energy, a 
clear y Scaling is observed assuming that electrons have been scattered off 
nucleons only. This shows that up to momentum tranfers of q?Y 1.5 (GeV/c)? the 
concept of nucleonic constitutents is a relevant one. The large deviation ob- 
served between the experimental result and the theoretical calculation for F(y) 
Shows that there are some important theoretical problems at such high momentum 
transfers.(Figure 15). F(y) can be directly related to the momentum distribu- 
tion of the nucleon, y being the component of the nucleon momentum parallel to 
q. Final state interactions are too small to explain the large deviations in 
the region of high momentum transfers. If is obvious that some important effect 
is missing in the present calcultations. An increase of the momentum space den- 
sity at large momentum seems to be needed in particular. However, there is at 
oresent no really satisfactory theoretical interpretation of these data. 


7. CONCLUSION 
Electron scattering experiments have measured recently important effects of 
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The solid line is a Faddeev 
calculation without final 

state interactions. The ex- 
perimental data have been 
measured at SLAC by Day et al. 
58 


105° 


Oia 


10% 


F(y) (Mev-'.c) 


10) 


1078 
77000, =800, —=600. —400, 200. 0. 


SCALING VARIABLE X 


interactions at very small distances. Meson exchange currents are playing an 
important role, but the phenomenological adjustment of the hadronic form fac- 
tor does not allow at present an unambiguous interpretation. The merit of this 
phenomenological approach is that a wide variety of processes involving either 
virtual or real photons is well described, using exactly the same hadronic 
form factors and the same values of the meson coupling constants. 

The real problem is now to derive these quantities from a fundamental point 
of view and not to extract them by a fit to the experimental data. It is hoped 
that quark models will be a better theoretical description. The p-meson ex- 
change, for example, is a short range interaction occuring at about 0.3 fm 
where nucleons are strongly overlapping. At such short distances the concept 
of po exchange might not be an appropriate one. It might be possible to use al- 
ready a description based on an interaction between six quarks. Hybrid models 
are now investigated and will be discussed at this conference. 

Kisslinger“° has already used such a model for the calculation of the magnetic 
form factor of deuterium and the electrodisintegration at threshold. At large 
distances two nucleons are considered, while at short distances the dynamical 
aspects are described by a system of six quarks. Such models are only in their 
infancy, and they are only qualitative at present, but their concept is attrac 
tive and it is clear that they will be improved in a near future. 
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In this paper I summarize some of the results of the discussion 
session on experimental few body physics. Given the wide variety 
of contributions, ideas and questions brought up, no attempt will 
be wilecdeatompre sent mehenesal le Rathem.lawllientny nN CONuser tne samout 
from this discussion in order to formulate some forward-looking 
Udeas concerning the) topes brought mp. 

The first subject I would like to discuss concerns an experimen- 
tal technique: the design of new polaritmeters to measure the ten- 
sor polarization of high-energy deuterons. 

Investigations of most of the interesting observables of reac- 
tions between light nuclei today involve the measurement of polari- 
ZoaGLoOn ea Whisleuwemhavelexcel lent sources Of polarized daghte muctled, 
good vector-polarized targets and good analyzers for scattered 
vector-polarized particles, polarimeters for tensor-polarized deu- 
terons are still at a rather unsatisfactory stage of development. 
Ili joveneieslensliieha, abic phis} Cheallbil necticlyere Cliimisaebukic a6) telareihy vey ‘slave. (cleiulicticionn 
tensor polarization for energies Eq > 50 MeV. Given the great iinte— 
rest in measuring tensor polarization observables, a major effort 
to improve this situation is called for. 

In order to demonstrate the need for such polarimeters, I want 
to mention two ongoing experiments. In the search for dibaryon 
states’, aLOpLe OLeintense: recent activity relating tOmthe pre 
dicted 6-quark states of the 2-nucleon system, several experimen- 
tal seve are presently trying to observe tensor polarization 
observables in m-d elastic scattering. In order to measure the 
deuteron d-state wave function at intermediate and short range, an 
e-d scattering experiment involving a measurement of T59 LS pse= 
sently under cE, The deuteron d-state wave function, a quantity 
of fundamental interest for few-body physics and the understan- 


ding of the nucleon-nucleon interaction, is an observable that has 
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kept nuclear phycicists busy for a long time. While we have today 
very good information on the large-radius pare (asymptotic norma-— 
lization, derived from the quadrupole moment and subcoulomb d ela- 
stic scattering), the shorter-range part of the wave function is 
still largely unconstrained by experiment. 

All experiments mentioned above measure the deuteron polariza-— 
tion by slowing down the high energy deuteron to energies <10 MeV 
where the *He (d,p) reaction at 0 = 0° provides a sensitive ana-— 


noes For energies E, > 50 MeV this technique leads to a figure 


Ole umySsiaks (NS icicle AiG bey tO incident particles eEames T59 of 
reaction) that is much too low. 

The first systematic studies of improved polarimeters with 
higher figure of merit are presently under way. Recent measure— 
Ments perrormed at Serene. show that at energies of 200-700 Mev 
d-Ca and d-Ni elastic scattering yield values of x and Ayy which, 
as a function of scattering angle, oscillate around an average 
Velie thar tom angles sO) = 20. approaches 0.8. Such large analyzing 
powers can be understood qualitatively as a consequence of the 
nuclear absorption and spin-orbit forces in diffraction or rainbow 
scattering. Given this mechanism, one can expect that the analyzing 
powers are largely independent of energy, target and, most impor- 
tant, excitation energy of the residual nucleus. Under these cir- 
cumstances, one has a chance of designing an efficient polarime- 
tern, and detailed callculations of the figure of merit (mot obvious— 
lVeavenge dues tomchessmal li d-nucleusmcroscusec taonmat: mcm 20°) 
should be carried out. 

The most promising candidate for a polarimeter of high figure of 
merit at present probably involves d-p scattering at backward 


8 ‘ ; 
angles . The analyzing power T is large (~ = 0.8) and largely in- 


20 


dependent Of enengy Up to He = —2Gey. Thrce larger valuero can re— 


sults from an interference pene neutron exchange and no 
nuclear scattering amplitude. A systematic study carried out at 
IUCF shows that among the reactions involving light targets (A<12) 
p-d scattering probably yields the highest figure of merit. 
Polarimeters based on p-d Scactrering clearly menue detailed 
studies in the future. A major effort should be devoted to the 
problem of isolating elastic (rather than breakup) scattering with 


reasonable angular resolution. For energies Eg>100 MeV, where the 
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back-scattered deuteron has enough energy to be detected, this 
technique is a very promising one, and lets us hope for polarime- 
ters 10 times better than the ones actually in use. 

A second topic discussed concerns our knowledge on an understan- 
ding of D-states in light nuclet. The effect of the nucleon-nuc- 
leon tensor force leadsto D-state probabilities of order 10%; some 
of these, those for the deuteron in particular, have received ex- 
tensive attention, others, those of A = 3,4 systems, have been 
studied very little. 

D-states in light nuclei are of great importance in a number of 
ways: 1) For the understanding of the structure of light nuclei, 
wave function components of probability ~10% are clearly vital. 

2) The D-states add higher momentum components to the wave func- 
tion, which dominate when studying configuration mixing and small 
wave function components in heavier nuclei by transfer reactions 
at momentum transfers >400 MeV/c. 3) Our understanding of D-states 
and non-nucleonic degrees of freedom is strongly interdependent. 
In particular N>-A transitions imply in general S<+>D state transi-— 
tions (due to the large spin of the A). Understanding the non-nuc- 
leonic degrees of freedom in light nuclei, where one has the best 
chance given the comparatively good knowledge of the nucleonic 
wave function, requires a detailed understanding of D-states. 

Above, we have discussed some of the open questions concerning 
the deuteron. The A=3 D-state recently has come into sharper focus 
and a number of communications to this conference deal with it. 

immpae ecu lara sehicwcdatason thes magnetic eorm factor” of *He 
shows a large effect of the S-D transition; however, as mentioned 
above, meson exchange currents give a similar, opposite, effect on 
Fy (a) - This is a general property of Ml observables, and concerns 
both A=2 and A=3. The asymptotic normalization of the *He-D-state 
wave function has been investigated by transfer rea tionee tae 
that allow to study one particular D-state amplitude, namely the 
one where the transferred nucleon has L=2 relative to the deuteron 
center of mass. Reactions between light nuclei, less subject to 
nuclear structure uncertainties and more likely to allow access to 
other than long-range properties (asymptotic normalizations) only 


start to be exploited. eat 
Several contributions to this conference investigate this 
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topic. Here, I would like to discuss one piece of work that concen- 
trates on the d + p > *He + y reaction. This reaction presents a 
number of Sosurecu: that make it unique for the determination of 
properties of the *He D-state. Inducing the reaction with tensor 
polarized deuterons allows to enhance D-state effects to the point 
where they can be isolated cleanly from the "noise" of S-=state con- 
(EWOU CLO ME 5 INE: Eom ~ 10-15 MeV, where the capture cross section 
peaks, the process is overwhelmingly dominated by the El-amplitu— 
de, a multipolarity that due to the Siegert theorem does not get 
contributions from meson exchange currents.Moreover, the energy is 
low enough so that modern Faddeev calculations can be used to solve 
without approximation the continuum 3-body eee 

Faddeev ealculacionss E@Ke JO 3° d capture confirm that the above 
features are indeed realized: The T59 observable depends on the 
SHe D-state only, is zero for D-state probability zero, and is not 
Sensitenve co they deuteron Dosrate. Meson exchange cussente Comteni— 


butwons are negligibly small. The only problem: F is} Weiey? Suielll i 


20 
~ 0503, and dvttr cult to measures 


At Basel, we recently have performed such a pt+d ene 


USHWGwe Chew Een SOn—pOlaiai Zed d-beam of SIN, a LH, target and two Nal 


2 


detectors. The measured analyzing power for E4730 Mev, 0 = 90°, 


amounts to A = 0.028+0.003 and is quite close to the value 


Vey 
0.0342 calculated by J. Torre, who performed a Faddeev calculation 


EGE Joyoeln ptd and *He, using the Reid soft core NN-interaction. Con- 
clusions on the difference will have to await a more definitive 
data reduction. The degree to which internal parts of the D—-state 
wave function are explored by this experiment also remains to be 
studied. 

The above example shows us basically the following: With the ex- 
perimental tools available today one can select observables that 
depend on the physical quantity of interest only, such that the 
physics of interest can be isolated without too many complications 
from other, poorly understood, aspects. For the future, we obvious-— 
ly would like to find similar observables relating to, e.g., the 
“He D-state which is PAEISUCNAeTEl ee) INEWAS El jeai@lgaloIsiioy Oz ~LOS, A 
candidate for instance is the reaction n+*He>"Hety (with both part- 


ners polarized such as to get tensor polarization observables). 
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Model calculations for such processes are needed before experiments, 
Or more quantitative numerical calculations, will be done. 

One other theme of the discussion session I would like to come 
back to concerns the three body force (3BF). This subject has been 
around for a long time, but has somehow not been taken all that 
seriously; presumably, in the absence of good ways to derive a 3BF 
theoretically, it seemed too easy a means to "fix" problems not 
explained in terms of two body forces (2BF). Contrary to atomic 
physio! ° the experimental evidence was not solid and specific 
enough to prove the need for a 3BF. 

In the recent past, we have witnessed a revived interest in the 
3BF. Two reasons for this come to mind. The theoretical descrip-—- 
tion of 3BF's have achieved a much higher degree of understanding, 
so that we have today a better idea what 3BF's could look Mike, 
In addition, we now haveanumber of observables which can be calcu- 
lated using very sophisticated techniques and well controlled 
approximations; if the experimental results cannot be explained in 
terms of empirical 2BF's, then we feel compelled to introduce new 
ideas, like a 3BF. The revival of interest in a 3BF is clearly 
documented in a number of contributions to this conference’. 

Recent attempts to observe the effects of 3BF's have largely 
concentrated on integral observables measured at low energy. In 
particular, the comparison between N-N scattering lengths as deter-—- 
mined from 2- and 3-body reactions was pavocateaa. as a tool to 
eok for 3BF'S; if a discrepancy is found between the two determi 
nations, this could indicate the presence of a 3BF (although in a 
rather non-specific way). The binding energy of nuclear matter and 
light nuclei, treated on the same footing by variational calcula- 
tions, is another observable that has received increasing atten- 
Ponce The sensitivity of form factors at high momentum transfer 
to the short-range structure of wave functions of light nuclei 
also has been ewecence clio (efejavelevelcroin \ialiclol Gelote! Syleiih « 

When predicting effects of 3BF's in nuclear systems, a number 
of theoretical difficulties arise. The lowest-order diagram expec- 
ted to contribute to the largest-range 3BF is the one of two con- 
secutive one pion exchanges connecting 3 nucleons, with a A in the 
intermediate state. This diagram indeed provides something like a 


0.5 MeV change of the binding energy of 3He, and its effects on 
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the nuclear configuration (a preference of triangular over colli- 
near 3-nucleon configurations) is helpful in explaining the *He 
charge form factor. However, the higher-order diagrams do not 
appear to be negligible, and the convergence of the calculations 
is at present an open question. This state of affairs basically 
reflects the fact that a 3BF gets us into the domain of non nuc-— 
leonic (and quark) degrees of freedom, a field of nuclear physics 
that is still quite unexplored. 

When looking to future activities concerning the 3BF we should 
ask, whether experiments can provide additional, more constraining 
evidence. This is possible, [I think, 1£ we respect a number Of cons 
siderations discussed below. These are based on the fact that the 
effects Of a 3BF in general are small relative to those of a 2BF. 
If we want to extract a 3BF in circumstances, where observables 
dominated by 2BF's can be calculated with limited accuracy only, 
then we should find ways to enhance the 3BF. How can we do that? 

The fies point Lo make concerns they nuange ef the SBE, whch as 
smaller than the one of the 2BF. Thus, observables connected to 
the short range behaviour of the interaction are necessary in or- 
der to enhance the signal/noise (3BF/2BF) ratio. This implies pro- 
jeCeilevon neaceion™ product energles or order M00 SMe Vein vonderco 
achieve ‘small enough aqwaves length ys SOS tiie hd Sm pOen ca —aawinaecla 
would suggest that zero-energy observables like scattering lengths 
are not optimal: -- should be taken quite seriously in the future. 
The actual progress in the techniques for "exact" 3-body calcula= 
tions at positive energies suggests, that such experiments can in 
a near future be quantitatively interpreted. 

A second point concerns the fact that 3BF's, which are most 
effective on nucleons that are very close together, will have thers 
largest effect at large nuclear densities. The A=3,4 bound states 
have the highest nucleon densities occurring in nature, and the do- 
minating £=0 wave function components enhance the overlap of nuc- 
leons at small radii. Experiments searching for effects of 3BF"s 
thus should preferably involve the A=3,4 bound states. 

A third point is inspired by the properties of the lowest order 
(dominant?) 3BF alluded to above. The preference of triagonal over 
collinear arrangements of 3 nucleons is a signature one should cer- 


tainly look for when trying to isolate 3BF's. The study of angular 
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correlations in reactions between 3 nucleons then seems particu- 
larly promising. 

Of course, the above mentionned ideas to enhance the effects of 
SBF"s are effective only if the experimental results can be com- 
pared to theoretical calculations of good quality, calculations 
that do not make dangerous approximations when predicting the 2BF 
"background". With reference to existing calculations, this im- 
plies two specific points: The D-state of the A=3 (sub-) system 
must be treated correctly; much of the signature of a 3BF will 
come from angular correlations of the 3 nucleons, and these can 
only be predicted if the full angular complexity of the 3N wave 
function is included, much of which is due to the D-state. By the 
same token, calculations based on separable interactions do not 
look like a viable approach; the loss of angular information that 
occurs when approximating V(r,-4r>) by V(r,)°V(r2) forbids meaning= 
ful conclusions on 3BF effects. A need for Faddeev calculations at 


positive energies (100 MeV) using realistic NN interactions (Paris, 


RSC, ..) is thus evident. Although such calculations are very dif- 

Dee, GINS sasloibleisns wee Selele Celle wukchetoms Clos: ioe SS sadinlehsjoieojeras— 
al 

ate. One such calculation (at Eom = 15 MeV) has been done pe and 


various theoretical groups are at present tooling up for similar 
ones. 
When respecting the above "rules" to enhance the signal/noise 


ratio, we should have a fair chance to detect the effects of nuc- 


lear 3=body forces. 
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CONCLUDING REMARKS FOR THE FEW BODY X CONFERENCE 


Earle LOMON 


Center for Theoretical Physics, Laboratory for Nuclear Science and Depart- 
ment of Physics, Massachusetts Institute of Technology, Cambridge, Massa- 
chusetts 02139 


Unfortunately Professor Weidenmuller has been too i11 to attend and, with 
the advantage of his breadth of knowledge and his wisdom, deliver the scheduled 
concluding remarks. We all regret this; no one more than I, as I attempt to 
substitute for him. Not having been given this responsibility until recently I 
have not taken notes and am unable to summarize all aspects of the conference 
as they deserve. Instead, I will make some general remarks and discuss issues 
relating to the role of hadronic and quark-gluon aspects in few-nucleon physics. 

This has been an excellent conference. We have all had the opportunity to 
learn much and be stimulated into thinking of interesting and useful directions 
of research. We owe this to the excellent planning and organization for which 
we warmly thank Drs. Zeitnitz and Klages, the International Advisory Committee, 
the Scientific Organizing Committee, the University, and the very pleasant and 
helpful staff at the registration, travel and banking desks that successful ly 
responded to a wide variety of requests. I personally liked the absence of 
parallel sessions and the provision of discussion sessions. Although this 
meant that we worked long hours and that some interesting contributions could 
not be given orally, it enabled a more complete interaction to take place. 

This was very advantageous in cross-fertilizing our ideas and bringing balance 
to our efforts. By the way, the best discussion sessions were those that left 
the most time for spontaneous discussion. 

In this meeting we were once more impressed with the range of few particle 
physics. We examined a broad range of systems from a few quarks to the inter- 
action of shepherd satellites with planetary rings. And once again we have 
seen how techniques developed for one system can be applied to another. One 
example is the readiness to treat molecules bound by magnetic monopoles on the 
basis of the methods used for muonic molecules. Also we have seen several 


examples of nuclear methods being applied to few quark systems. 
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Muon or 
e 
Magnetic 
Baryon Monopole 
FIGURE 1 FIGURE 2 
Range of few body problems; a few Many body techniques have multiple 
quarks in a bag to planetary rings and applications. Similar calculations 
shepherd satellites. will predict properties of molecules 


bound by muons or magnetic monopoles. 


PROGRESS SINCE 1980 - EXPERIMENTAL 

There has been a remarkable number of important experiments in the past few 
years reaching meaningfully higher levels of accuracy or measuring new observa- 
bles. These have been with both electromagnetic and hadronic probes. In par- 
ticular the new intermediate energy accelerators have extended their range of 
measurements and have completed or continued programs of importance. We have, 
from the Bates Accelerator Lab, the first elastic electron deuteron tensor 
polarization tog (4°) ever and are promised more precision and higher momentum 
transfer in the near future. Even the present data as shown in Fig. 3 is of 
some value in limiting the nuclear force model and the meson exchange currents. 
When higher momentum transfer data is available for comparison it will enable 
a separation of these two aspects. 

At the Saclay Linear Accelerator the magnetic scattering, B(q°) has been 
extended importantly in momentum transfer with useful precision as shown in 
Fig. 4, This places new limits on a combination of model dependence and meson 
exchange current effects. Present electron accelerators are tantalizingly just 
out of reach of momentum transfers (q?=40fm 2) at which a clear separation of 
these two aspects should be available. 

In hadronic reactions there has been considerable progress in obtaining com- 
plete sets of data for nucleon-nucleon reactions, elastic and inelastic involv- 
ing NNw and dx final states. This work has mainly been for laboratory nucleon 
energies up to 800 MeV, but there is also some data from Saturne II at higher 
energies. In this range we now know the pp phases quite well and have a good 
start on the I=0 phases. We have been remitided by a few experiments at 


E. Lomon / Concluding Remarks 615¢c 


10-? 


DEUTERIUM 


10-? 


-0.40 
10-74 
-0.80 
& ~~ 
?H(e,eD) / 10-5 Stanford 
120 (6. =70°) Orsay 
SLAC 
WRE 
Mainz 
-1,60 U Mass.-Bates 
fe} Ve) 2.0 3.0 4.0 1078 Saclay ( preliminary) 
q (fm-') 
FIGURE 3 
Tensor polarization t,, in elastic a? ( tm-?) 
electron-deuteron scattering. The i 
data points are from M. Schulze et FIGURE 4 
al, submitted for publication to Phys. The magnetic oo electron- deuteron 
Rev. Lett. The curves represent pre- scattering B(q'). The sources of the 
dictions of different potential experimental values are indicated on 
models with (TOT) or without (IA) the graph, including the recent pre- 
meson exchange current corrections: liminary data from Saclay. The curves 
Pays LO. .( Ne Perel uN represent the result of the Paris 
(sie), FL 4°56, 101, (——)s; Grazl, potential with (---) and without (—) 
HOT, (— - =); GrazI, 1A (----- Ne meson exchange current corrections. 


EF < 50 MeV that there are still important improvements in data and comparison 
with theory that are to be made at low energies. Low energy polarization has 
been a surprisingly good test of the accuracy of the Paris potential. 
The sD backward tensor polarization experiments have puzzled us with hints 
of structure and very different results from SIN and LAMPF, as illustrated by 
Fig. 5. As the measurements are at slightly different energies and angles it 
is possible that they are compatible. It is of great importance to tne ques- 
tion of dibaryons that these investigations be pursued until there is agreement. 
In proton-deuteron, pion-deuteron and electromagnetic and hadronic experi- 
ments on the He? and Het we have seen how precision experiments can be brought 
to bear on physical questions of importance - asymptotic D states, nuclear form 
factors and reaction mechanisms. Figure 6 illustrates one example of the 


remarkable precision now possible. 
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100 150 200 250 
T, (MeV) 
FIGURE 5 


Tensor polarization in m-d scatter- 

ing. The figure is from E. Ungricht 
et al, submitted for publication to 

Phys. Rev. Lett. The excitation 


function at 6 y=1s° (solid dots)! is FIGURE 6 

compared with the results of W. Differential cross section and analyz- 
Gruebler et al, Phys. Rev. Lett. 49, ing power for pp+-dz from K. Seth et 
444 (1982), at 6,=15° (open circles). ails PMYS= Lett. 2B Loa ooanr 


The angular acceptances are + 1.5° 
aie 2.9" WaSoeccIWelhy 


PROGRESS SINCE 1980 - THEORETICAL 

Among the more mature issues - accurate calculations of few body bound and 
scattering states, reactions in a non-relativistic coupled cluster framework, 
and relativistic and meson-exchange current corrections - progress has been 
slow and painful. Brilliant theoretical work has established rigorous proce- 
dures which have found only a few applications. Calculations which cover new 
ground, even in less rigorous formulations, have not been abundant in the past 
three years. It is to be recommended that theoreticians calculate some key 
quantities in the future, though it be hard work and be model dependent. Three 
body continuum calculations with realistic interactions and two-pion exchange 
current corrections are examples of long neglected areas. 

In the new area that involves the effect of quark and gluon degrees of free- 
dom we have the solid technology of asymptotic momentum transfer and quark 
counting results from high energy theory. Stan Brodsky has described many of 
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them, especially the use of the infinite momentum frame, to us at this meeting. 
At the LAMPF II workshop a few weeks ago Glennys Farrar described the deriva- 
tion of many relations among hadron-hadron reactions and their absolute predic- 
tion at asymptotic momentum transfers. 

However we have only started to deal with prediction of medium momentum 
transfer reactions in which the very critical dynamics of transition from 
asymptotic freedom to confinement takes place. Many interesting ideas are 
being tried to deal with this very difficult situation, but time is needed to 
evaluate their effectiveness. I believe that few hadron interactions at inter- 
mediate energy will be very sensitive to many important aspects of quark-gluon 
dynamics. Consequently this field of inquiry should be energetically pursued 
before the next conference. I shall address the rest of my remarks to some 


considerations of what must go into such research. 


HOW DO WE SEE QUARKS? 

Because quarks and gluons are presumed to be confined we must carefully con- 
Sider the criteria for experimentally identifying and analyzing their effects. 
There are two classes of situations. 

i) Effects which qualitatively may be explained on either a "classical" 
(hadron field phenomena) or a q.c.d. basis: 

These must be examined theoretically from both points of view. If both 
views yield adequate quantitative success then two important criteria must be 
invoked. One criterion is the simplicity of the description. The other, of 
equal importance, is the microscopic and parameter free aspects of the explana- 
tion. A model with a few parameters often provides a simple description of 
data which may be better understood by a difficult numerical calculation start- 
ing from first principles or known parameters. 

In Figures 7 and 8 are the results of alternative explanations of the now 
famous "EMC effect" of the ratio of deep inelastic muon and electron scattering 
on iron versus deuterium. In Figure 7 the theoretical ingredients are quark 
bag coalescence, sea~quarks and fraction of momentum carried by gluons. In 
Figure 8 the ingredients are two-nucleon correlations and pion currents. The 
fits are roughly of the same quality and both are parameterized. In order to 
be convinced of the implications much work needs to be done experimentally and 
theoretically. Experimental investigation of A dependence and spin dependence 
would be useful as well as increased accuracy. Both types of theory must 
strive to explain the experimental results with more basic input or more exten- 


sive cross-referencing to other phenomena. 
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An older story is that of the structure seen in nucleon-nucleon scattering. 


At least for the lowest energy cases, the 


2, and the ee the more natural, 


more quantitative explanation seems to be the “classical” effect of channel 


coupling, whether resonant or not. 


FIGURE 7 
The EMC effect analyzed in terms of 


quark-gluon distribution. The figure 
is from C.E. Carlson and T.J. Havens, 
Phys. Rev. Lett. 51, 261 (1983). The 
experimental points are the ratios of 
the iron to deuterium form factors 
for deep inelastic muon (crosses) and 
electron (dots) scattering. The 
curve is given by the model of the 
reference. 


Oo 8 6«(Ol 


FIGURE 8 
The EMC effect analyzed in terms of 
nucleon distributions and meson 
exchange currents. The experimental 
values are aS in Fig. 7. The curve 
is the model of E.L. Berger, F. Coes- 
ter and R.B. Wiringa. 


ji) Effects qualitatively indicating the quark-gluon degrees of freedom: 


Such a "smoking gun" has not yet definitely appeared. 


One experimental 


candidate is the anomalon, if all its supposed characteristics stand the test 


of cleaner experiments. 


If the property of persistence remains as well as the 


anomalously large cross section, it seems to me that the only present explana- 
tions which are adequate are those involving hidden color. 


It is my belief that the search for intermediate energy structure in few 


hadron systems is a most promising way of finding clear signatures of quark- 


gluon degrees of freedom. 


In spite of the disappointments with the lowest 


energy nucleon-nucleon structures, a unas Phar. q"g, etc. systems should show 
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their asymptotically free properties at appropriate energies and momentum 
transfers. Present indications are that the lowest energy structures due to 
these degrees of freedom are in the 1-5 GeV range and some of these "exotics" 
may already have been identified in meson-meson and meson-baryon systems. 
Although some may be seen as narrow peaks, we must expect in general to find 
these by complete sets of experiments and phase shift analysis. Such analysis 
will also identify properties important to their relationship to quark-gluon 
states - spin and parity, width, shape, inelastic channels and relative spac- 
ing. For instance the 11% NN and 9% AA content of the Si and < confi gura- 
tions of the lowest six-quark state implies a strong enhancement of two-pion 
production, while the color magnetic splitting is about 70 MeV. When several 
such structures are identified and compared they can provide a very strong 
verification of the color degrees of freedom. From their details they can tel] 
us much about quark dynamics. 


THE NEED FOR CLASSICAL AND Q.C.D. DESCRIPTIONS 

Figure 9 schematically indicates the range and probable overlap of regions 
in which hadrons or quarks and gluons dominate. Beyond 2 fm. one-pion exchange 
dominates, while between 1 and 2 fm. two-pion exchange is most important. We 
know of many results from first principles, quantitatively explained by one- 
and two-pion and w exchange from first principles. In this conference Franz 
Gross has several times reminded us of this in connection with both strong 
forces and electromagnetic form factors. On the other hand there is much evi- 


dence from high energy physics, experimental and theoretical, that quark and 


FIGURE 9 
Ranges of dominance of hadronic clus- 
ters and of asymptotic freedom of 
Ee raciniz quarks and gluons. 


QUARKS TREPS BORER 


gluon degrees of freedom have asymptotically free behavior over scales of about 
1 fm, Because high order q.c.d. is difficult it follows that it may be opera- 
tionally necessary to use both classical and q.c.d. methods to describe few- 
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body and nuclear characteristics in detail. Both elements will be simulta- 
neously needed at intermediate energies and momentum transfers. Effective 
clustering into hadrons may take place before full confinement, just outside 
the range of asymptotic freedom. This is analogous to the appearance of alpha- 
particle clusters in the nuclear surface which can largely be described by 
particle-hole corrections to the shell model. If so, the analytical situation 
may be quite tractable. 


ASYMPTOP TA? 

There has been some disagreement as to at how low a momentum transfer and 
energy asymptotic freedom is a good approximation. It should be noted that 
asymptotic behavior and structure can coexist over a wide region. In nuclear 
physics we have the situation that in regions with many resonances, averaging 
or subtracting these resonances produces simple, statistically asymptotic 
results. Gerhard Hohler cites dispersion relation evidence in pion-nucleon 
reaction consistent with this view. I hazard a prediction that in the 1-10 
GeV/c region we will see both many structures due to quark-gluon systems and a 
background rapidly becoming asymptotic. This would make medium energy hadron 
physics a field of great promise for the future. 


IS DISPERSION THEORY RELEVANT IN Q.C.D.? 

Finally I want to raise a question rarely heard. Dispersion relations, 
which associate analytical singularities with asymptotic (in configuration 
Space) mass spectra, have played a role of great importance in hadronic phys- 
ics. The Paris potential is a case in point. Internal structure of nuclei 
can be described by anomalous thresholds. Are dispersion relations of any 
value in our present day quark-gluon physics? 

The proofs of dispersion relations depend on the free field hypothesis at 
large distances. Confinement precludes this assumption for quark and gluon 
fields. Does this destroy the results for the hadrons? Are there any similar 
analytic markers of quarks and gluons in transition amplitudes? Do the rele- 
vant singularities become spread over the range determined by confinement? 
The answers to these questions may give us new techniques for making predic- 
tions in the asymptotic freedom to confinement transition region. 


In closing I once again thank the organizers of this conference for the 
pleasant and informative meeting we have had. 
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